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Medium-chain fatty acids (MCFA, e.g., hexanoic, heptanoic and octanoic acid) are versatile 
chemical compounds that are suitable precursors for production of high-carbon-number, value-added 
chemicals such as bio-based lubricants. Short-chain fatty acids (SCFA, e.g., acetic, propionic, butyric, 
valeric acid) and methane are the natural fermentation products of anaerobic digestion, however, they 
have lower value compered to MCFAs. Our current investigation seeks to integrate production of MCFAs 
through chain elongation fermentation of pretreated biomass with catalytic conversion of MCFAs to 
lubricant molecules. By adding reducing agents such as ethanol and lactic acid to the anaerobic 
digestion, and inhibiting methanogenesis, microorganisms can elongate SCFA to MCFA. At low ethanol 
concentration the elongation reaction does not reach a high concentration of MCFA, whereas very high 
ethanol concentration has an inhibitory effect, and the fermentation ends before consuming all the 
ethanol. To maximize MCFA production, different ethanol concentrations and feeding schedules were 
investigated in the mixed-culture fermentation of pretreated hardwood, inoculated with a mixture of 
manure, beach sediments and corn steep liquor. Addition of ethanol at the initiation of fermentation 
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resulted in increased accumulation of MCFAs. Incremental addition of ethanol during the fermentation 
resulted in significantly higher titers of MCFAs. Another necessary step in production of biolubricants is 
extraction of the produced acids from fermentation medium. We have investigated the effect of 
different solvents such as Cyanex 923, Trioctylamine and Oleyl Alcohol on mixed acids with the purpose 
to find a low cost, selective and reusable extractant. In this study, we characterized the applicability of 
these solvents in extraction of Hexanoic acid regarding pH and solvent ratio. Many extractions in 
controlled conditions were carried out and the method with the best result was tested on actual 
fermentation. The effects of the extraction on fermentation and acid production, conversion and 
selectivity were some of the major focuses of this thesis.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
1 ACKNOWLEDGMENT  
I would like to thank my advisor, Dr. Peter van Walsum for all his guidance, feedback and unwavering 
support during this project. I also appreciate the input and support of my other committee members, 
Dr. Thomas Schwartz and Dr. Jean MacRae.  
I appreciate the time and effort of all the people who trained me to used one equipment or another, 
Christa Meulenberg, Haixuan Zou, James Hargreaves, Amy Luce, Scott J. Eaton and many other. I express 
my gratitude to Elisha Cram and Laurel Grosjean for analyzing the CHNO and Titration samples. I would 
also thank Joseph Boots-Ebenfield for his help with data acquisition. I am grateful for assistance and 
technical support of Amos Cline in maintaining all the equipment in working condition.  
I would also like to recognize UMS Research Reinvestment grant and North East Sun Grant as funding 
sources for this research. I offer my Thanks to the Department of Chemical and Biomedical Engineering 
and the Forest Bioproducts Research Institute (FBRI) as well. 
Finally, I am grateful to my family and friends for all their support.  
iv 
 
2 TABLE OF CONTENTS 
 ACKNOWLEDGMENT ............................................................................................................................ iii 
 LIST OF FIGURES .................................................................................................................................. vii 
 LIST OF TABLES ..................................................................................................................................... ix 
1 INTRODUCTION AND LITERATURE REVIEW .......................................................................................... 1 
1.1 Project Goal and Research Objectives .......................................................................................... 1 
1.2 Wood as a Resource ...................................................................................................................... 2 
1.3 Resources in State of Maine ......................................................................................................... 3 
1.4 Pretreatment of Wood.................................................................................................................. 3 
1.5 Open Culture Fermentation .......................................................................................................... 4 
1.6 Carboxylate Platform .................................................................................................................... 6 
1.7 Hexanoic Acid (n-Caproic Acid) ..................................................................................................... 7 
1.8 Mechanism of Production of Hexanoic acid in Fermentation ...................................................... 7 
1.9 Mechanism of Chain Elongation ................................................................................................... 9 
1.10 Gas Production and Overall Fermentation Activity ...................................................................... 9 
1.11 Extraction of Acids ...................................................................................................................... 10 
1.12 Downstream Processing ............................................................................................................. 11 
1.13 Lubricants .................................................................................................................................... 11 
2 MATERIALS AND METHODS ................................................................................................................ 13 
2.1 Feedstock .................................................................................................................................... 13 
2.1.1 Wood Moisture Content (MC) ............................................................................................ 13 
v 
 
2.2 Pretreatment .............................................................................................................................. 13 
2.2.1 Chemical Pretreatment ....................................................................................................... 13 
2.2.2 Physical Pretreatment ......................................................................................................... 14 
2.3 Fermentation .............................................................................................................................. 14 
2.3.1 Nutrients & Inoculum .......................................................................................................... 15 
2.3.2 Methane Inhibition ............................................................................................................. 16 
2.3.3 Chain Elongation ................................................................................................................. 16 
2.3.4 Sampling Procedure ............................................................................................................ 16 
2.4 Extraction .................................................................................................................................... 17 
2.5 Analytical Methods ..................................................................................................................... 18 
2.5.1 Quantitative Saccharification .............................................................................................. 18 
2.5.2 Organic Acid Analysis by HPLC ............................................................................................ 18 
2.5.3 Gas Analysis by GC .............................................................................................................. 19 
2.5.4 CHNO Analysis ..................................................................................................................... 20 
3 RESULTS AND DISCUSSIONS ................................................................................................................ 21 
3.1 Fermentation .............................................................................................................................. 21 
3.1.1 Effect of Addition of Ethanol on Fermentation .................................................................. 22 
3.1.1.1 Optimal Concentration of Ethanol .................................................................................. 22 
3.1.1.2 Effect of Time of Addition of Ethanol.............................................................................. 26 
3.1.2 The Effect of Composition of Head Gas on Fermentation .................................................. 28 
3.1.3 Effect of Addition of Lactic Acid on Chain Elongation ......................................................... 30 
vi 
 
3.1.3.1 Effect of Concentration of Lactic Acid on Chain Elongation ........................................... 30 
3.1.4 Effect of Addition of Ethanol and Lactic Acid at the Same Time ........................................ 34 
3.1.5 Gas Production and Fermentation Activity ......................................................................... 35 
3.2 Selective Extraction of MCFAs from Fermentation..................................................................... 37 
3.2.1 Cyanex 923 .......................................................................................................................... 38 
3.2.2 Trioctylamine (TOA)/Oleyl Alcohol ..................................................................................... 40 
3.2.3 Back Extractions .................................................................................................................. 42 
3.2.4 Effect of Extraction on Fermentation Liquid ....................................................................... 44 
3.2.5 Karl Fischer Titration ........................................................................................................... 47 
3.3 Batch Fermentation with Extraction ........................................................................................... 47 
3.4 Conversion and Selectivity .......................................................................................................... 55 
3.4.1 Effect of Ethanol on Conversion and Selectivity ................................................................. 55 
4 Conclusion ........................................................................................................................................... 58 
4.1 Review ......................................................................................................................................... 58 
4.2 Future Directions ........................................................................................................................ 59 
5 REFERENCES ........................................................................................................................................ 60 
6 APPENDIX A: MASS BALANCE ............................................................................................................. 65 
7 APPENDIX B: CALCULATIONS .............................................................................................................. 70 
8 Biography of the Author ..................................................................................................................... 71 
 
vii 
 
3 LIST OF FIGURES 
Figure 1. Envisioned hub-and-spoke configuration ...................................................................................... 1 
Figure 2. Schematic of fermenter. .............................................................................................................. 15 
Figure 3. Controlled Batch .......................................................................................................................... 21 
Figure 4. Addition of 5 g/L of ethanol ......................................................................................................... 22 
 Figure 5. Addition of 10 g/L of ethanol ...................................................................................................... 24 
 Figure 6. Addition of 15 g/L of ethanol ...................................................................................................... 25 
 Figure 7. Addition of 10+10 g/L of ethanol ................................................................................................ 26 
 Figure 8. Feeding ethanol in small increments .......................................................................................... 28 
 Figure 9. H2 as purge gas ........................................................................................................................... 29 
Figure 10. N2 as purge gas .......................................................................................................................... 30 
 Figure 11. Addition of 9 g/L of Lactic acid initially ..................................................................................... 31 
 Figure 12. Addition of 18 g/L of Lactic acid initially ................................................................................... 32 
Figure 13. Addition of excessive amount of Lactic acid .............................................................................. 33 
 Figure 14. Addition of 10+10 g/L of ethanol and 10 g/L of lactic acid ....................................................... 34 
Figure 15. Gas production in 10+10 g/L ethanol added condition ............................................................. 35 
Figure 16. Gas production in 20+20+20 g/L lactic acid added condition .................................................... 36 
Figure 17. Effect of high concentration of ethanol on gas production  ...................................................... 36 
Figure 18. Cyanex 923 extractions .............................................................................................................. 39 
 Figure 19. Effect of pH and aqueous To organic ratio on extraction  ........................................................ 41 
 Figure 20. Effect of ratio of TOA and oleyl alcohol on extraction .............................................................. 41 
 Figure 21. Oleyl alcohol extraction efficiency ............................................................................................ 42 
 Figure 22. Back extractions in clean solution ............................................................................................. 43 
 Figure 23. Sequential extractions and back extraction in clean solution .................................................. 43 
 Figure 24. Real fermentation liquid extraction .......................................................................................... 45 
viii 
 
 Figure 25. Sequential extractions and back extraction from real fermentation liquid.............................. 46 
 Figure 26. 10+10 g/L of ethanol fermentation with biphasic extraction ................................................... 50 
 Figure 27. 10+10 g/L of ethanol fermentation with semi biphasic extraction .......................................... 52 
 Figure 28. 10+10 g/L of ethanol and 10 g/L of lactic acid with semi biphasic extraction .......................... 53 
 Figure 29. Fermentation with 20 + X g/L of lactic acid addition with extraction at day 25. ...................... 54 
 Figure 30. Effect of ethanol on MCFA selectivity and conversion. ............................................................ 56 
 Figure 31. Effect of extraction on conversion and selectivity .................................................................... 56 
  
ix 
 
4 LIST OF TABLES 
Table 1. Fermentation addition experiments: ethanol and lactic acid supplementation schedule ........... 23 
Table 2. Fermentation addition experiments: ethanol and lactic acid supplementation schedule ........... 49 
Table 3. Gas production in run 3. ................................................................................................................ 50 
Table 4. Concentration of compounds in back extraction. ......................................................................... 51 
Table 5. Carbon balance input carbon for Run 1 ........................................................................................ 65 
Table 6. carbon balance output carbon for Run 1. ..................................................................................... 66 
Table 7. Ash content Run2 .......................................................................................................................... 67 
Table 8. CHNO results Run 2 ....................................................................................................................... 67 
Table 9. Carbon input for run 2, using CHNO results. ................................................................................. 68 
Table 10. Carbon output for run 2, using CHNO results. ............................................................................ 68 
Table 11. Carbon input for run 3 ................................................................................................................. 69 
Table 12. Carbon output for run 3 .............................................................................................................. 69 
 
 
 
 
1 
 
CHAPTER 1 
1 INTRODUCTION AND LITERATURE REVIEW 
1.1 Project Goal and Research Objectives 
This research project is focused on utilizing the forest resources of the state of Maine to make high 
carbon number, value added compounds with emphasis on bio-based lubricant production. The project 
was designed to integrate a series of decentralized chemical and biological processes that could be 
carried out in a Hub and Spoke manner. 
 
 
 
 
 
 
 
 
 
 
The spoke portion is comprised of pretreatment of the local biomass, acidogenic digestion of the 
pretreated biomass and extraction of the medium chain acid made in the process. The operations at 
spoke locations are relatively robust, low tech, low cost processes that can be operated by staff without 
Mixed Algal & 
Agricultural 
Biomass 
Hub: 
Catalytic 
esterification & 
oligomerization 
Biolubricant 
oil stocks 
Spoke: 
pretreatment, 
AcD,  
extraction 
Spoke: 
pretreatment, 
AcD, 
extraction 
Spoke: 
pretreatment, 
AcD, 
extraction 
Mixed Forest 
Biomass 
Figure 1. Envisioned hub-and-spoke configuration [1]. 
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highly specialized training. These properties make the Spoke an ideal choice for decentralization. After 
producing the acids in different corners of Maine, they will be transported to the hub, where catalytic 
esterification and oligomerization of the acids will be done to convert the carboxylic acids to lubricant oil 
stock. The reason for decentralization is to lower costs of transporting bulky biomass to the processing 
facilities and promote economic development in rural corners of Maine through diversification of 
agricultural products. The transport between hub and spoke will bring extracted acids to the hub and 
the extraction solvents will then be transported back to the spoke locations. The research described in 
this thesis will be focusing on the upstream, spoke-located objectives [1]: 
1. Demonstrate pretreatment and mixed culture acidogenic fermentation of forest derived 
feedstock to yield a mixture of carboxylic acids. 
2. Demonstrate chain elongation during fermentation by enrichment of the broth with a 
reducing agent. 
3. Demonstrate selective separation of medium-chain-length-acids (e.g., Hexanoic acid) from 
the fermentation broth. 
1.2 Wood as a Resource 
Wood is one of the most prominent renewable and sustainable resources in nature, with the condition 
that it is harvested in a controlled manner. Harvesting trees not only provides for our needs, such as 
construction, furniture and paper products, but it can also help the health of the forest by thinning the 
trees and removing excess fuel. Unlike mining for minerals or drilling for oil, wood is a regenerating 
resource that can be harvested repeatedly. Compared to other biomass resources, transporting wood 
requires less energy because of its higher density compared to herbaceous crops. A managed forest 
captures solar energy, extracts carbon at no financial cost to us, produces wood and a diversity of 
habitat such as areas with young, growing and mature forested areas. A healthy forest industry 
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contributes greatly to the economy and the environment at the same time, which may be less true for 
more managed monoculture crops such as soy bean or palm tree farms[2]. 
1.3 Resources in State of Maine 
 State of Maine is one of the most forested lands in US with almost 90% coverage. In the last 17 years 
the state of Maine has experienced a steady decrease in harvesting trees from 546,956 acres in 2000[3] 
to 335,624 acres in 2017[4]. In 2007, the Margaret Chase Smith Policy Center[5] reported that the 
available of sustainable and extractable forest residues in the state was 2.6 million dry tons per year. 
Forest residues are a form of biomass that is of low value to traditional forest harvests. However, forest 
residues are potentially very valuable to the emerging renewable energy industry. If not utilized for 
biofuels, the majority of forest residues are left on the forest floor to decompose[5]. Forest residue is 
only one of the potential biomass resources in Maine, other resources include agriculture residues, fuel 
treatment thinning, milling residues, urban wood waste and municipal solid waste. Making use of these 
resources can help the state improve the economy greatly in future. 
1.4 Pretreatment of Wood 
Currently the single largest bio-industry product in US is grain-based ethanol, with 15.5 billion[6] gallons 
per year. There are a number of problems associated with grain-based ethanol, such as: gains are a 
source of food, excessive farming is causing negative impact on soil and water sources [7], there are 
some indications of increased greenhouse gas emissions from corn-based ethanol production [8]. The 
alternative solution to this problem is lignocellulosic biomass, such as wood, which is lower cost, 
abundant and sustainable, if managed the correct way. To release the sugars in lignocellulosic biomass, 
often a pretreatment process is needed. Lignocellulosic biomass in its native form is generally 
recalcitrant to hydrolysis by cellulase enzymes. Pretreatment is a process that converts biomass from its 
native condition into a form more amenable to enzymatic hydrolysis [9]. Some of the problems 
associated with using lignocellulose are[6]: 1) High crystallinity of cellulose 2) High stability of lignin 3) 
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The structure of hemicellulose and lignin in plants fiber, where these compounds cover the fibrils like a 
sheet 4) Small inaccessible capillaries in lignocellulosic material. An effective pretreatment should have 
low capital and operating costs, it should be effective over a wide range and loading of biomass. Most of 
the lignocellulosic biomass should be recoverable after pretreatment and no inhibitory compounds 
should be produced in the process. In this research to make the cellulose more available to enzymes we 
are using chemical and physical pretreatment. Physical pretreatment is any act of size reduction 
including chopping, milling and grinding. There actions increase the surface area and decreases the 
cellulose crystallinity and degree of polymerization [10]. Chemical pretreatment is disrupting the 
structure of biomass using acids, alkali, organic solvent or ionic liquids. Alkali pretreatment, the method 
that we are using, causes swelling in lignocellulose, thus increasing the internal area and decreasing 
cellulose crystallinity and degree of polymerization. Alkali pretreatment is especially effective at 
disrupting lignin structure and the linkages between lignin other polysaccharides, thereby making the 
sugars more available. Alkali pretreatment removes some parts of the lignin and hemicellulose from the 
biomass structure, resulting in increased activity of other carbohydrates and efficiency of enzymes. 
Acetyl and uronic groups in hemicellulose are known to lessen the activity of enzymes [11]. The 
downside is that most of the alkali is consumed in the process. 
1.5 Open Culture Fermentation 
Open culture fermentation is the process in which the growth medium is inoculated with a mixture of 
partly selected, or entirely undefined organisms. These organisms can be a combination of different 
strains of bacteria, fungi, yeast or any mixture of them.  Open culture (also called mixed culture) is the 
main tool of nature for digestion of all organic matter and it happens everywhere, from soil in our 
gardens to our fridge. Partly selected cultures, in which desired cultures dominate the inoculum used 
but may also contain other species, has been used from ancient times to make many fermented 
products like yogurt. The first scientific studies related to mixed cultures go back to the 17th century by 
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the early adopter of the microscope van Leeuwenhoek[12]. Some examples of the advantages enjoyed 
by open, or  mixed, cultures are[13]: first, with mixed culture it is possible to perform multistage, 
sequential reactions in one reactor that are impossible for single cultures. The second is the stability of 
the culture, most open cultures, especially the natural ones, are able to compete with other 
contaminating agents and dominate the system completely. Another notable advantage is the special 
dynamics in these cultures, in which different groups of organisms in a culture have complementary and 
synergistic behavior. For example, in anaerobic mixed culture there are some facultative organisms that 
can consume oxygen and ensure that the obligate anaerobic organisms survive in the face of small 
amounts of oxygen. The ability to digest a variety of different organic material is also a key advantage of 
the mixed cultures. These cultures can inherently produce many different types of enzymes[14] to digest 
carbohydrates, protein and fats[15]. And lastly, the equipment used in these fermentations are often 
low-cost and they can be operated by personnel with little training. For example, while aseptic cultures 
require polished stainless steel and high-quality welded construction, or even entirely disposable 
equipment, open cultures can be contained in rugged plastic, concrete or any other inexpensive 
material. These benefits make open culture fermentations inexpensive and allow us to use many kinds 
of low-quality material as our feed and nutrient sources, some examples of which include lignocellulosic 
biomass, farm or food wastes, and municipal and water treatment wastes. Two main disadvantages 
associated with mixed cultures are the inability to highly engineer optimal desired performance through 
genetic manipulation or highly controlled growth environments, and the limitation of product choices to 
commonly generated and thermodynamically favored metabolic products.  Also, there are limitations as 
to the operating conditions and materials fed to open cultures as they can be disrupted by abrupt 
changes in feed material or environmental conditions. 
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1.6 Carboxylate Platform 
Carboxylate platform is a process to convert most of the compounds in biomass into mixed carboxylic 
acids using open, mixed culture fermentation, although in some cases chemical treatments such as 
production of levulinic and formic acids through acid hydrolysis and dehydration can also be used. The 
benefits of the carboxylate platform relative to other fermentation conversion processes are mostly 
associated with the mixed culture fermentation, which is a good representative for the versatility of 
mixed cultures. Considering glucose to be the target monomeric sugar for fermentation, the difference 
in relative Gibbs free energy efficacy of the products can help us better understand the system. For 
example, the Gibbs free energy efficiency of making 2 moles of Lactic acid from glucose is 95.7%, while 
the efficiency for conversion of 1 mole glucose to 3 moles of acetic acid is estimated to be 91%.  The 
remaining 4.3 and 9 % are converted to energy units for cell metabolism. Because the amount of energy 
released by the lactic acid producing microorganisms is low, they usually fall behind compared to the 
ones that make acetic acid[16]. The order in the amount of Gibbs free energy available to anaerobic 
cultures follows a gradient, from Lactic acid which releases the least energy to CO2 which releases the 
most. More specifically, common fermentation products include, in their order of energetic benefit: 
Lactic acid, Ethanol, Acetic acid, propionic acid, Methane, Hydrogen Sulfide and Carbon Dioxide. We 
favor the production of long chain acids but if the fermentation is left without control, we will produce 
undesirable products with low value. Methane as a compound on the lower side of the energy gradient 
is an important competing product. Fortunately, methane release is easy to inhibit by adding 
compounds such as Iodoform. In case of Hydrogen Sulfide, the best method is to make sure there is as 
little sulfite compound as possible in the fermentation. 
 We mainly focus on conversion of polysaccharides (cellulose, hemicellulose) into monomers (glucose, 
XMG) and then fermentation of those monomers into fatty acid anions such as acetate. Other examples 
of possible choices to use as feedstock in the carboxylate platform are proteins, pectins, starch, and 
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lipids. The consortium of the microorganisms is usually dominated by some strain of Clostridia or 
Bacilli[13]. There are additional requirements for achieving longer chain lengths in carboxylate platform 
fermentation such as feeding elongating agents to the system. Some examples of these compounds 
are[17] ethanol and hydrogen. Hydrogen can be supplemented by gasifying biomass or the residual 
biomass from the fermentation. The needed ethanol can be produced internally in the system[18][19] or 
externally supplied to the system[20][21], the residual alcohol in ethanol production plants’ waste 
stream can be a potential external source. 
1.7 Hexanoic Acid (n-Caproic Acid) 
Caproic acid is a colorless oily liquid that smells like cheese[22]. It is a fatty acid (medium chain length) 
found naturally in various animal fats and oils[22]. Caproic acid is a good precursor for other chemicals 
and has many applications, some examples are: supplemented to animal feed for pigs and poultry, 
additive used in food industry for flavor (It is safe for human dietary consumption up to levels of 
1g/kg)[22], antimicrobial agent in pharmaceutical industry[23], chemical industry feedstock, precursor in 
production of biofuels[24]. Hexanoic acid cannot directly be used as fuel but with biological or chemical 
reduction it is possible to produce hexanol which is a fuel with higher energy content then ethanol. n- 
caproic acid can be obtained from petrochemical sources[25], fractional distillation of palm and coconut 
oil[26] and anaerobic fermentation of biomass.  
1.8 Mechanism of Production of Hexanoic acid in Fermentation  
Usually anaerobic fermentation leads to short chain fatty acids. However, in the presence of ethanol or 
lactic acid as electron donors, a second phase of metabolic activity happens[27], in which hexanoic acid 
is the product of chain elongation in secondary fermentation following the reversed Beta oxidation 
pathway[28][29]. In this process butyric and hexanoic acid are made sequentially from acetic acid[30]. 
The first studies related to chain elongation of short chain carboxylic acids go back to Baker and Taha 
(1941)[31]. In this study, acetic acid and ethanol were used in a pure culture of Clostridium kluyveri to 
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produce Butyric and Hexanoic acid. The electron flow between ethanol and acetic acid does not provide 
the necessary energy for initiation of this biochemical reaction. To produce the needed initial energy a 
part of the ethanol is oxidized to acetic acid (1/6)[32]. Ethanol oxidation provides the necessary 
electrons for chain elongation, so, ethanol alone can also be used as carbon source to produce hexanoic 
acid. Other cultures that have been used for chain elongation are Clostridium sp. BS-1 and Megasphaera 
elsdenii, however open cultures are more advantageous for the reasons mentioned earlier. A 
requirement for efficient production of hexanoic acid is a microorganism that can grow under high 
concentration of short chain acid and ethanol, and also low methanogenic activity, which we can 
achieve using certain inhibitory methods[30]. An example of this is the organisms in the rumen.  Weimer 
et al[9] reported high valeric and hexanoic production using ruminant organisms with addition of 
electron donors. The main factors in controlling hexanoic acid production in a bioreactor inoculated with 
a mixed culture of anaerobic organisms are operating conditions and substrate type[33][34]. For 
example, Grootscholten et al [35] used ethanol and acetic acid in an anaerobic filter at neutral condition 
(pH~7) and achieved volumetric production of up to 12.0 g/(L.d). Meanwhile, Agler et al[30] used a 
mixed culture fermentation of a complex substrate containing fermented maize with ethanol at pH 5.5 
to produce hexanoic acid in a sequential batch reactor that production rate of 2.0 g/(L·d). To prevent the 
toxic effects of accumulation of medium chain carboxylic acids, Agler et al[30] used inline extraction, 
although it is estimated that poor extraction had some inhibitory effects on the production rate. Many 
previous studies with different operating conditions have confirmed the role of ethanol as electron 
donor. The most noticeable advantage of using ethanol is the resulting energy gain. Considering the 
stoichiometry of chain elongation, 2 moles of ethanol (~2638.0 kJ) and one mole of acetic acid (∼840.0 
kJ) are needed to produce one mole of hexanoic acid (~3452.0 kJ). Unlike ethanol, lactic acid is a less 
studied case and until recently most studies demonstrating chain elongation using lactic acid were done 
on pure cultures of organisms like Megasphaera elsdenii. This organism was originally isolated from the 
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rumen and it has high tolerance for low pH, it can be active at pHs as low as 4.7[36]. One of the few 
cases utilizing a diverse culture was Kucek et al[37], Demonstrating a maximum productivity of 6.9 
COD/L-day for hexanoic acid in a continuous fed reactor. The high Hexanoic acid production occurred 
when Acinetobacter spp. Were abundant in the system.  
1.9 Mechanism of Chain Elongation 
Reversed beta oxidation path way is the main process in butyric and hexanoic acid formation from acetic 
acid chain elongation[30][38]. The chain elongation process adds the produced Acetyl-CoA in the 
fermentation to the carboxylic acid chain using carbon coupling[37]. In biological reactions, the main 
function of Acetyl-CoA is to deliver the acetyl group to the citric acid cycle in the cells to be oxidized for 
energy production. Ethanol and lactic acid not only can be easily converted to Acetyl-CoA they can also 
support the MCFA synthesis[39][40], this make them ideal substrates in chain elongation.  
1.10 Gas Production and Overall Fermentation Activity   
Production of CO2 in a fermentation can be a good estimate of the biological activity in the system[41]. 
Some examples of the reactions that are expected to happen in our systems are: 
C6H12O6 → CH3CHOHCOOH + C2H5OH + CO2 
C6H12O6 → 2CO2 + 2CH3CH2OH 
Also, there are many reactions that do not produce any CO2, examples are chain elongation process[42] 
and conversion of glucose to acetic acid[43]. 
CH5COOH + C2H5OH → C4H9COOH + H2O 
C4H5COOH + C2H5OH → C6H3COOH + H2O 
C6H12O6 → 3 CH3COOH 
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While these reactions occur at a certain time in our fermentation however the cells need energy to live, 
all the time. This energy is provided by burning a part of what the cells are digesting, for example, in 
chain elongation, it is estimated that the organizes burn 16% to 20% [44],[45] of the ethanol to produce 
energy and convert the compounds to CO2 and water. In section 3.1.5 we will talk more about this topic. 
1.11 Extraction of Acids  
Selective recovery of acids in a fermentation is an essential step in making a process industrially feasible.  
There have been several different methods for extraction, purification and transformation of acids from 
fermentation broth until now. The method that has been used most is primary recovery of acids using 
biphasic extraction[28]. Biphasic extraction has been used in batch fermentations by Choi et al[28] in 
pure cultures, for which the extraction solvent used was Oleyl alcohol, with added  alamine 336 
dissolved in the solvent to prevent mixing of the solvent and fermentation liquid. Upon extraction, 
undissociated hexanoic acid was transferred from aqueous phase to the solvent and caused production 
of 4 times more hexanoic acid than the controlled fermentation without extraction. The positive effect is 
was maintained even with the toxic effect of Alamine 336 on the organisms. Other extractants that were 
considered are tri-n-butyl phosphate and tri-octal-ammine, which are less toxic. Membrane aided 
extraction is another method that has been used, this method is an alternative to prevent direct contact 
of a toxic solvent with the medium. Hydrophobic hollow fiber was investigated by Kucek et al[46] to 
separate fermentation medium and the extractant,  which was Trioctylphosphine oxide (TOPO) 
dissolved in mineral oil. The mechanism is to use the low solubility of hexanoic acid in aqueous phase to 
transfer the acid to the oil phase at the surface of the membrane and a second membrane re-extracts 
the acid into an alkaline solution. Usack et al[47] reported (∼3.4 g/(L·d)) hexanoic acid production while 
other acids like acetic and butyric were unaffected. Additionally, membrane separation provides higher 
contact area for 2 phases which can provide high extraction rate. For purification purposes, Xu et al[48], 
combined electrolysis into the pre-extraction system, this method provided them with a solution of 
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hexanoic and octanoic acid with 90% purity. Anderson et al. [48] used a direct acid extraction using 
membrane electrolysis, they also administered currents into the system and were capable controlling pH 
with OH production in the system, with no need for added chemicals. Membrane extraction has 
provided positive results but is still not economically viable. A simpler method was used by 
Kannengiesser et al.[49] by utilizing biodiesel as extraction agent to recover medium chain carboxylic 
acids, however the extraction lead to a lower viscosity biodiesel. Further research is needed for selective 
extraction of acids using this method.  
1.12 Downstream Processing 
After producing the acids, the process of producing lubricant molecules continues by esterification of 
the acids through reactive distillation with catalyst and oligomerization of the esters. This will lead to 
production of C20-C30 [1]hydrocarbons similar to lubricants used in industry. One of the reactions 
considered for oligomerization of the esters is Aldol condensation. Aldol type reactions result in 
formation of new carbon-carbon bonds in the esters, leading to production of large molecules that are 
stable under high temperature and shear forces which is a requirement for lubricants. 
1.13 Lubricants 
Bio-lubricants are defined as lubricants that are biodegradable and have low toxicity for the 
environment and humans. There are many reasons why we should research and invest in bio-lubricants. 
All machinery and automotive industries need lubrication to increase their energy efficiency, reliability, 
and durability. At the moment 98% of the lubricants are petroleum-derived. The problems related to 
mineral lubricants are environmental and sustainability issues. For a long time, mineral oils have been 
the main source of lubricants, however, as a side product of petroleum, mineral oils may only be used 
while crude oil is accessible. In addition, environmental concerns regarding the pollution in aquatic and 
terrestrial ecosystems caused by petroleum byproducts and the trace amount of heavy metals in the 
combustion of mineral oils is a serious concern for the people[50]. For the reasons mentioned above, 
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the need for renewable and biodegradable lubricants is becoming more important. As such, the annual 
growth rate for the bio-lubricant market in the US is estimated to be 3.5 to 5 times higher than overall 
lubricant market growth, which is roughly 2%[51]. Currently plant based oils like canola, sunflower, 
rapeseed, soybean, palm, and coconut oils are the dominant sources for production of bio-lubricants 
with a share of 88.1% of the market[52]. The rest is made from synthetic esters and petroleum products 
that are deemed to be biodegradable and non-toxic. Plant oils are structurally similar to the 
conventional mineral oils and this makes them a good candidate to be used. However, plant oils are 
food for many people in the world and their price can drastically change depending on the global supply 
and demand. 
Some standard properties related to bio lubricants are[53]: bio lubricants usually have high lubricity 
compared to mineral oils; high viscosity index (VI); low evaporation point; and high flash point. The 
higher VI in biolubricants compared to mineral oils indicates that biolubricants are less sensitive to 
temperature difference and they can maintain the required oil film in the engine and stay effective at 
high temperature.  Lower pour point in biolubricants indicates that they can flow in lower temperatures 
and this, for example, makes starting a car easier in winter. Biolubricants have higher flash point and fire 
point, indicating that they need higher temperature to evaporate and ignite, this is a very important 
safety factor. On the negative side, biolubricants have low oxidative stability, indicating that it will 
oxidize rapidly and polymerize to a thick, plastic like consistency. The other examples of negative traits 
are poor compatibility with paint and sealants; the tendency to from crystals at low temperature and to 
clog filters[53].  
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CHAPTER 2 
2 MATERIALS AND METHODS 
2.1 Feedstock 
Feedstock for this experiment was from a single batch of hard wood yellow birch chips. The 
average dimensions for the chips was measured to be 3.1*1.7*0.4 cm. The wood was provided 
by Seven Islands Land Company and the time of the harvest was June 2017. The wood chips 
were stored in a plastic bag, kept cool in a refrigerator, 6 °C. 
2.1.1 Wood Moisture Content (MC) 
The method for calculating moisture content was provided by Reeb ed al.[54] Wood chips were 
ground using a Wiley mill to fine power, passed through a 1mm mesh, had its mass recorded 
and left in a 40°C oven for 4 days. The samples were massed again. The MC was calculated on a 
green basis. 
𝑀𝐶 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑒𝑡 𝑤𝑜𝑜𝑑 − 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑤𝑜𝑜𝑑
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑡 𝑤𝑜𝑜𝑑
∗ 100 
2.2 Pretreatment 
2.2.1 Chemical Pretreatment  
Pretreatment was carried out in an 20L rocking digester, at 150°C for 6 hours. Lime was added 
to the digester at a loading of 10% lime per mass of dry wood chips. Considering the volume of 
the digester, usually the pretreatment was carried out with 9 L of total water, equivalent of 0.9 
Kg dry wood and 90 g lime. The moisture present in the wood chips was included in the water 
calculation. For example, if 1 kg of water was calculated to be in the wood then we added 8 L of 
water to bring the total to 9 L. 
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The pretreatment process required 1 hour for heating up and was allowed to cool overnight.  
After pretreatment, the pH of the mixture was neutralized by bubbling CO2 in the solution by 
inserting a CO2 line in the mixture. The pH was monitored be a pH meter and the process 
usually took lass than 3 minutes of CO2 injection with 100 ml/min of flow, the reason for this is 
release of acetyl groups during pretreatment and neutralizing the solution during pretreatment. 
Later on, the solids and liquids are separated and stored refrigerated until used.  
Samples of the pretreated wood and liquid were taken, the solid sample was dried, milled and 
acid hydrolyzed to measure the carbohydrate content. The liquid sample was analyzed by HPLC 
for the sugar and acid content, the method used for the previous analysis is explained at 
section 2.5. 
2.2.2 Physical Pretreatment 
After chemical treatment we separated as much of the moisture as possible from the chips by a 
cloth dewatering machine with 1500 rpm for 15 minutes. In the next stage we put the wood in 
the Wiley mill to reduce particle size, we did not screen the ground wood to achieve uniform 
particle size. The average size of the chips was roughly 1.5*0.5*0.18. 
2.3 Fermentation  
Fermentations were carried out in 12 I L polypropylene copolymer centrifuge bottles from 
Nalgene company, used as roller bottles.  Bottles were filled half full, each bottle holding ~500 
mL of wood slurry.  The bottled slurry contained 400ml pretreatment liquid, ~40 grams of dry 
pretreated wood, nutrients and inoculum. Prior to fermentation, if necessary, the pH was 
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adjusted to pH 7 using CO2 as an acidulent. The biomass slurry was maintained with the pH 
close in the range of 6.6 - 7.0 during fermentation by adding lime periodically as needed.  
 
Figure 2. Schematic of fermenter.[42] 
Fermentations were run at 37 ºC and 3 rpm. We were able to run 12 fermentation bottles at 
one time on two 6-bottle roller apparatuses, the roller was a 14 watt, F10-692 Wheaton roller. 
2.3.1 Nutrients & Inoculum 
Chicken manure was added to the fermentation at a rate of 1-part chicken manure to 6 parts dry 
wood, working as both as a source of inoculum, nitrogen and other needed trace nutrients. 
Corn steep liquor (Sigma Alrich) was added at 20 mL/L. Additional inoculum was derived from 
organic-rich marine sediments collected from the Maine coastline and from wood compost. 
These two sources were combined 1:1 on a wet basis, allowed to soak for 24 hours and then 
added to the fermentation at 20 mL/L. Finally, previous fermentation experiments also 
contributed inoculum for the mixed culture. At the end of fermentation experiments, spent 
fermentation liquid was stored frozen and then defrosted to provide an additional 20 mL/L of 
inoculum to the new fermentation.  
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2.3.2 Methane Inhibition 
To inhibit methanogens, 90 mL of iodoform solution (20 g CHI3/ L acetone) was added to the fermenter 
every 2 days for the first 2 weeks of fermentation. Because ethanol concentration is one of the 
parameters under investigation, acetone was used to prepare iodoform solution rather than ethanol. 
Iodoform is sensitive to light, air, and temperature, so the glass bottle containing the solution was 
wrapped in aluminum foil and stored in the refrigerator at 4°C 
2.3.3 Chain Elongation 
Ethanol and/or Lactic acid were added in predetermined amounts to some batches as elongating agent. 
Ethanol was a 190-proof ordered from university of Maine central supplies, the lactic acid was a 90% 
aqueous solution from Alfa Aesar.  
2.3.4 Sampling Procedure 
The fermentation produces a considerable amount of gas and acid at the peak of the its activity. Gas was 
vented from each fermentation bottle every day during first two-three weeks of the fermentation. After 
3 weeks, sampling was reduced to once every 2-3 days. After sampling, the head space was purged with 
~5 times the volume of the head space with nitrogen to keep anaerobic environment.  
Measuring the amount of gas produced was done by volumetric displacement of gas in a glass burette. a 
50 ml burette was fitted with rubber stopper in a 2-liter filtering flask filled with water, later a syringe 
was connected to a 0.8 mm silicon tube on one side while the other side was connected to the open side 
of the burette. by using a vacuum line, we would fill the burette with water and then insert the syringe 
in the septum. Gas would fill the burette, we close the line, recorded the gas volume and fill the burette 
with water again, this cycle continuous until all the gas is out.  At the beginning it was decided to gather 
the gas in the burette for analysis but later on we did it directly from the head space of the fermentation 
by directly inserting a syringe needle into the septum. There are 2 reasons for this, first during the 
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extraction of gas from the burette, small amount of liquid water would get into our gas sample 
container, the second one is, change of composition of gas when it passes through water.  Later we 
analyzed the gas with GC. More information about GC analysis is provided in section 2.5.3.  
For liquid samples, 1.5 ml fermentation liquid was transferred to micro centrifuge vials. Later on, the 
samples were centrifuged at 14600 rpm, filtered with 45 μm Nylon Fisherbrand syringe filters and 
diluted with 5% in weight H2SO4 solution with ratio of 1 to 1 to bring the pH down to 1-3. They were 
analyzed with HPLC for organic acids and sugars. 
2.4 Extraction 
Two approaches were used to perform extractions of the organic acids out of the aqueous fermentation.  
Biphasic extraction, in this method the solvent is added to the fermentation with ratio of 2 to 1 
pretreatment liquid to oleyl alcohol. We do not remove the oleyl alcohol in any stage of the 
fermentation however we replace the solvent with fresh oleyl alcohol once during the fermentation.  
Normal extraction or semi biphasic extraction, because oleyl alcohol is determined to be compatible 
with our organisms, the extraction of the medium chain fatty acids was carried out in the fermentation 
chamber. This process is like the biphasic extraction, however, after adding the oleyl alcohol we put the 
fermentation bottles into the shaker for 36 min at 298 rpm and 30C. 
Separating the phases was done in centrifuge with 4000 rpm and 15 min time. After centrifuging we 
used pipette to take the oleyl alcohol out. Because of the wide diameter of the bottle the separation 
was not 100% complete. 
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2.5 Analytical Methods 
2.5.1 Quantitative Saccharification 
The process for quantifying carbohydrates in solid samples was carried out through a two-step 
hydrolysis based on the NREL method #TP-510-42618[55]. Samples were oven dried and milled to a 
particle size that will pass through a 1mm screen. Samples are mixed with 72% H2SO4 at a ratio of 1 ml to 
0.1 g of solids and allowed to sit for 1 hours at 40°C. Water is then added to dilute the acid down to 4% 
(with the ratio of 27 ml per 0.1 g solids) and samples are sealed and autoclaved for one hour at 121℃. 
After autoclaving, samples are filtered and analyzed for carbohydrate monomers Using HPLC. The HPLC 
system is a Shimadzu product with SCL-10A controller, LC-20AT pump, SIL-20AC auto sampler, RID-10A 
detector and CTO-10A oven. The column used was a Biorad HPX-87, the temperature was set to 45℃ or 
60℃, flow rate was 0.6ml/min with 0.005 molar H2SO4 solution as mobile phase.   
2.5.2 Organic Acid Analysis by HPLC 
The first step for HPLC analysis was defining a method. Temperature and flow rate were initially decided 
to be 45℃ and 0.6 ml/min. After the second experiment the column was changed to another used 
column of the same brand and type, but it was unable to separate ethanol and butyric acid, to solve this 
problem the temperature was changed to 60℃ for the last run. After that, each compound that we 
needed to observe was analyzed at the chosen temperature and flow rate to identify the retention time. 
Later on, we made 5 solutions for each compound, a stock solution with 15 g/L concentration for all the 
compounds except hexanoic acid and 8 g/L concentration for hexanoic acid and 4 other dilution with 
80%, 60%, 25% and 0.8% concentrations. By running all the solutions in HPLC and providing the actual 
concentration of each solution to the software (EZstart 4.0) in calibration mode, the system was able to 
fit a concentration curve to the area data. We chose a linear fitting for our system and the system 
automatically installed the line in our method, providing us with sample concentration for each analysis.  
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After creating the method, we needed to account for the changes in the column with time. To so this, 
every sample group was analyzed in parallel with deionized water vials as blank and a standard solution 
of all the compounds that we made. The HPLC results for the standard solution were compared to the 
actual concentration of the standard to create a correction factor. The correction factor was then 
applied to real samples to produce the actual concentration.  
The mobile phase for HPLC is 0.005 molar sulfuric acid solution, prepared by mixing 0.276 ml of 96.6% 
sulfuric acid with milli q water with resistivity of 18.2 MΩ.cm. The Eluent is purged continuously with 
Helium to degas the system. The HPLC is conditioned every time new Eluent is loaded into the system. 
Conditioning consists of purging the pump, auto sampler and detector with Eluent for 3 minutes. The 
pump is purged with high flow rate when it is disconnected from other parts, auto sampler and RID are 
purged with 0.6 ml/min flow while still connected to other parts. At the end of each conditioning the RI 
detector base line is readjusted to 0 zero.   
 
2.5.3 Gas Analysis by GC 
The main reason for gas analysis was quantifying the amount of carbon dioxide and methane produced 
in the fermentation. The GC we used was a SRI 8600C gas chromatograph with 60M MXT-1 5 micron 
column and helium with 20 ml/min flow, with 4 detectors. The method used for analysis was the default 
analysis method provided by the manufacturing company. In this method, the carrier gas in the system 
is helium, the temperature is 40℃, the set temperature for the detectors are 150℃ for TCD and 300℃ 
for FID, also, air and hydrogen are used to produce the flame in FID.  TCD was used to detect CO2, TCD is 
also able to detect oxygen, nitrogen and methane. FID was used to detect methane since it has higher 
accuracy. To correct the data after analysis, 0.1%, 1% and 10% CO2 and CH4 standard gas mixtures in 
nitrogen from Gasco were used. Before analyzing the fermentation gases, 3 samples of standard CO2 
mixtures were analyzed to make a calibration curve. Afterward, the area for CO2 was fitted to the curve 
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to get a gas concentration, the conditions were assumed ideal and with the volume and concentration 
we calculated the mass of CO2 in the gas.  
 
2.5.4 CHNO Analysis 
The reason we used CHNO was to better close the mass balance. The analysis was done on some of the 
fermentation solids. The system used was a Flash 2000 CHNS/O elemental analyzer, this system consists 
of 4 parts, analyzer, auto sampler, PC and microbalance. The steps for analysis are leak testing, sample 
log-in and sample preparation. Leak testing is an automatic program on the software to check the flow, 
sample log-in is to insert the name and weight of the sample and sample preparation as the name 
suggests is the method, we load the sample into the system for analysis. Before each analysis everything 
should be cleaned including microbalance, spatula and forceps with solvent and wipes. Before running 
any samples, 3 BBOT (2.5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene) check standards should be 
analyzed, If the results of the BBOT is within 1% error, we continue with analyzing our samples, after we 
finish our samples, the BBOT is analyzed 3 more times, the results are acceptable if the final BBOT 
analysis results are still in the 1% error margin.   
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CHAPTER 3 
3 RESULTS AND DISCUSSIONS 
3.1 Fermentation 
Open culture fermentation of biomass is a natural phenomenon, in these experiments pretreated 
hardwood chips were fermented to produce mixed carboxylic acids. Figures 3 to 14 present the changes 
in substrate and fermentation product concentrations over time for different fermentation conditions. 
Figure 3 presents results from the control fermentations, which were run without supplemental addition 
of ethanol or lactic acid. Thus, providing a benchmark against which to compare the changes in other 
experiments. 
Figure 3. Controlled Batch. The results from fermentation of pretreated wood in controlled temperature 
and pH without any elongating agent. This figure is identified as Run 2, Batch 1 and 2 in different tables. 
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3.1.1 Effect of Addition of Ethanol on Fermentation 
3.1.1.1 Optimal Concentration of Ethanol 
The first batch fermentations (Run 1) of the pretreated wood were carried out for 34 days with 
controlled temperature at 37ºC and pH maintained in the range of 6.6 - 7. All twelve batches contained 
400 ml pretreatment liquid and a solid concentration of 10%(g/L). Ethanol was added at the beginning of 
each fermentation as the last compound before sealing the bottles. The initial target ethanol 
concentrations were 0, 5, 10 and 15 g/L. Table 3.1 summarizes the ethanol addition schedule for each 
fermentation in this experiment. All the fermentations including the control batches produced hexanoic 
acid as the desired MCFA (medium chain fatty acid), though with different concentrations. In this run 
ethanol consumption initiated after 10 days, apparently right after the lactic acid concentration reached 
0 g/L. 
Figure 4. Addition of 5 g/L of ethanol. The results from duplicate fermentation of pretreated wood in 
controlled temperature and pH with ethanol. This figure is identified as Run 1, Batch 5 and 6 in different 
tables. 
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Table 1. Fermentation addition experiments: ethanol and lactic acid supplementation schedule 
Fermentation  
Run:  batch 
numbers 
Initial ethanol 
supplement (g/L) 
Additional ethanol 
supplement (g/L), 
addition time (Days) 
Initial Lactic 
acid (g/L) 
supplement  
Additional lactic acid 
supplement (g/L, 
addition time (days) 
1: 1, 2 none none none none 
1: 3, 4 10 none none none 
1: 5, 6 5 none none none 
1: 7, 8 15 none none none 
1: 9, 10 10 10 at ~ 14 days none none 
2: 1, 2 none none  none none 
2: 3 
 
2: 4 
10 
 
10 
10, 5 on days 17, 20  
10 on day 18 
none none 
2: 5  
 
2: 6 
10 
 
10 
10, 5 on days 18, 21  
10 on day 15 
none none 
2: 7, 8 10 2.5, 2.5, 2.5 on days 
13, 16, 18 
none none 
2: 9 
2: 10 
none none 20 
20 
20 ~ day 18 
20, 20 ~ days 20, 27 
2: 11 
 
 2: 12 
none none 10 
 
10 
10, 10, 10 ~ days 19, 
22, 27 
10,10 ~ days 18, 26 
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Figure 5. Addition of 10 g/L of ethanol. The results from duplicate fermentation of pretreated wood in 
controlled temperature and pH with ethanol. This figure is identified as Run 1, Batch 3 and 4 in different 
tables. 
The trend in figures 5, 6, 7 all show a direct relation between consumption of ethanol and production of 
hexanoic acid. This trend confirms the previous assumption that ethanol can be used as an elongating 
agent. In all these fermentations, hexanoic acid production stopped as soon as ethanol reached a 
constant value. Ethanol concentration did reach 0 g/L in most batches except batches 7 and 8 which 
started with 15 g/L of ethanol. As it is shown in the graphs, adding more ethanol resulted in more 
hexanoic acid production. In later stages of this research it was demonstrated that the natural capacity 
of this batch fermentation for producing hexanoic acid is more than 15 g/L (figure 10 and 11), however 
in this experiment the batches with 15 g/L initial ethanol stopped producing hexanoic acid while there 
was still ethanol remaining in the substrate. 
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Figure 6. Addition of 15 g/L of ethanol. The results from fermentation of pretreated wood in controlled 
temperature and pH with ethanol. This figure is identified as Run 1, Batch 7 and 8 in different tables. 
This suggested that high concentration of ethanol might have inhibitory effects on the microorganisms 
responsible for chain elongation. Ethanol concentration is a deciding factor in the production of MCFAs, 
with low concentration producing little hexanoic acid while high concentration proved to be toxic. The 
other significance in the presented figures is the indication that the fermentation moves in a stepwise 
sequential process. This process starts with hydrolysis of polysaccharides to monosaccharides and 
continues with conversion of mono sugars to short chain acids, followed by short chains elongating to 
medium chain acids. Production and partial consumption of XMG, lactic acid, ethanol, acetic acid, 
butyric acid and hexanoic acid in a sequential order demonstrates this. In total we looked for 11 
compounds in our analysis, in addition to the compounds mentioned above we also monitored glucose, 
arabinose, formic acid, propionic acid, valeric acid. Glucose and arabinose behaved similarly to XMG, 
meaning that they appeared early in the fermentation and then disappeared, however their peaks were 
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very small and, in many cases, not distinguishable at all. Formic acid exists in all fermentations and is 
apparently being produced and consumed however, it is not following any obvious trends. Propionic 
acid and valeric acid follow the same trend as butyric and hexanoic acid but these odd carbon number 
carboxylic acids follow from different metabolic path way and their production is considerably lower, in 
a few experiments we produced a considerable amount of propionic acid, which will be discussed below. 
Also, in some cases analysis of the final fermentation liquid showed a very small amount of heptanoic 
and octanoic acid. While these 2 acids have higher number of carbons and are considered more 
desirable for production of bio-lubricants, we could not quantify the amounts of acid in the solution 
because of analytical limitations. Examples of these limitations are, extremely long HPLC methods which 
needed 3 hours of time and very wide peaks in the HPLC results, lowering the accuracy. They were only 
seen when high concentrations of hexanoic acid were present. 
3.1.1.2 Effect of Time of Addition of Ethanol 
 
Figure 7. Addition of 10+10 g/L of ethanol. The results from duplicate fermentation of pretreated wood 
in controlled temperature and pH with ethanol. This figure is identified as Run 1, Batch 9 and 10 in 
different tables. 
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In the initial experiments the maximum tolerance of the elongating organisms for ethanol concentration 
was estimated to be around 10 g/L. Later we decided to further the MCFA production by feeding 
ethanol to the system at different times with different concentrations. The best result was achieved 
when 10 g/L of ethanol was added to the system at the exact date when the initial ethanol was 
completely consumed, figure 7b. The only difference between batch 9 and 10 in run 1 was the speed of 
progress of the two. While the timing of ethanol addition was correct for batch 10, lack of instantaneous 
analysis capabilities caused batch 9 to be a day late. It appears that in this one day the 
metabolism/population of the organisms had shut down the elongation pathway and the culture 
sustained a 2 week delay before reactivating this mechanism to ultimately achieve hexanoic acid  a final 
concentration close to that of batch 10, which did not suffer any such delay in chain elongation activity. 
In this experiment we achieved a 15 g/L concentration of hexanoic acid in batch 10. Up until now we 
demonstrated that feeding the system with ethanol with concentrations near 10 g/L initiates chain 
elongation. The next question we decided to answer was, what would happen if we keep the ethanol 
concentration less than 10 g/L with addition of ethanol in small increments? In theory this procedure 
should lower the uncertainty in the process, the experiment with 10+10 g/L of ethanol was hard to 
control with the equipment we had, if we added the ethanol a day early, the concentration would go 
higher than 10 g/L, causing toxicity and if we were a day late, the culture would temporarily or 
permanently lose its ability to elongate. In the meantime, we should be able to push the culture to the 
production limit with an incremental method that would ensure that we have a stable culture of 
organisms with stable ethanol concentration without the delayed production phenomenon as witnessed 
in batches 9 and 10 with secondary addition of 10g/L ethanol. To attain this aim, we decided to add the 
same 10 g/L of ethanol at the beginning but instead of adding 10 at a later date we would add 2.5 g/L of 
ethanol every day after the initiation of the elongation process. 
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Figure 8. Feeding ethanol in small increments. The results from duplicate fermentation of pretreated 
wood in controlled temperature and pH with addition of 10+ 7.3 g/L of ethanol in small increments. This 
figure is identified as Run 2, Batch 7 and 8 in different tables. 
As it is shown in the figure 8, the ethanol was added 3 times and the concentration never reached 0 g/L 
however the average hexanoic acid concentration was 11.4 g/L, 2.5 g/L less than the average 
concentration in figure 7. While no particular reason was identified as the cause of the problem, it was 
decided to avoid unnecessary increase in the number external interferences such as multiple ethanol 
addition instances.   
3.1.2 The Effect of Composition of Head Gas on Fermentation 
In all the fermentations, to maintain an anaerobic condition the head space was purged after each 
sampling. Nitrogen as a cheap and inactive compound was used as the main choice, however hydrogen 
can be used, too. Reverse beta oxidation as the main path way for chain elongation requires reducing 
agents like ethanol or hydrogen. In this experiment the effect of hydrogen as the purge gas was 
0
2
4
6
8
10
12
14
0 10 20 30 40
C
O
N
C
EN
TR
A
TI
O
N
 G
/L
DAYS
RUN 2 BATCH 7
XMG lactic Acid
Formic Acid Acetic Acid
Ethanol Butyric Acid
Hexanoic acid
0
2
4
6
8
10
12
14
0 10 20 30 40
C
O
N
C
EN
TR
A
TI
O
N
 G
/L
 
DAY
RUN 2 BATCH 8
XMG lactic Acid
Formic Acid Acetic Acid
Ethanol Butyric Acid
Hexanoic acid
29 
 
inspected. Also, the natural byproducts of conversion of biomass into carboxylic acids are H2 and 
CO2[56] and if not vented the hydrogen pressure can build up, especially since we are inhibiting 
methanogens. Figures 9 and 10 are the parallel experiments with H2 and N2 as the purge gas. 
 
Figure 9. H2 as purge gas. The results from fermentation of pretreated wood in controlled temperature 
and pH with addition of 10+ x g/L of ethanol with H2 as purge gas (number x is presented in table.1). This 
figure is identified as Run 2, Batch 5 and 6 in different tables. 
As it is shown, the results with either purge gas are almost identical, with average hexanoic acid 
production of 15 g/L. This proves that hydrogen and nitrogen are equally effective as a purging gas, 
however the presence of hydrogen at the pressure applied in this experiment did not appear to 
contribute to chain elongation.  It is possible that a higher partial pressure of hydrogen, enough to 
hydrogen more soluble might have provided a different outcome.  
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Figure 10. N2 as purge gas. The results from fermentation of pretreated wood in controlled temperature 
and pH with addition of 10+ x g/L of ethanol with N2 as purge gas. This figure is identified as Run 2, Batch 
3 and 4 in different tables. 
3.1.3 Effect of Addition of Lactic Acid on Chain Elongation 
The reversed beta oxidation cycles during chain elongation of carboxylic acids require electron donors 
such as ethanol or lactic acid. While ethanol is a well-studied case, lactic acid is a more recent and less 
used option. 
3.1.3.1 Effect of Concentration of Lactic Acid on Chain Elongation 
In this case we will study the effect of different concentrations of lactic acid on carboxylic acid chain 
elongation. This study follows the same procedure as was done with ethanol (pH, T, …), with the only 
difference that since lactic acid is less toxic than ethanol, we started with higher concentration of 
lactate. 3.9 ml and 7.9 ml lactic acid were added to the fermentation bottles make the molar equivalents 
of 5 and 10 g/L (0.109 and 0.217 M, respectively) ethanol concentration. 
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Figure 11. Addition of 9 g/L of Lactic acid initially. The results from fermentation of pretreated wood in 
controlled temperature and pH with addition of lactic acid. This figure is identified as Run 2, Batch 11 
and 12 in different tables. 
The starting concentrations for lactic acid were 9.2 and 18 g/L for two different batches in run 2, the 
initial concentration of lactic acid increased by 8.6 g/L and 11.5g/L, reaching the average maximum 
concentrations of 17.8 g/L and 29.5 g/L. At day 15th the fermentation started to consume the 
accumulated lactic acid and acetic acid and produce butyric acid. During the fermentation whenever the 
concentration of lactic acid was detected to be 0 or near 0, more lactic acid was added to the system. In 
batch 11 and 12 (figure 11), the butyric acid concentration reached 8.4 g/L with the initial lactic acid, 
later on 3.9 ml of lactic acid was added in 2 and 3 increments to the fermentations pushing the finial 
butyric acid concentration to 16.3 g/L on average. In batch 9 and 10 (figure 12), the butyric acid 
concentration reached 12.6 g/L with the initial lactic acid, later on 7 ml of lactic acid was added in 1 and 
2 increments to the fermentations pushing the finial butyric acid concentration to 18.7 g/L on average. 
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Figure 12. Addition of 18 g/L of Lactic acid initially. The results from fermentation of pretreated wood in 
controlled temperature and pH with addition of lactic acid. This figure is identified as Run 2, Batch 9 and 
10 in different tables. 
Unlike the ethanol supplemented fermentations, in the lactic acid supplemented fermentations the 
culture never lost its ability to consume the lactic acid and was usually able to reduce the lactic acid 
concentration to levels close to 0. In the ethanol fermentations the experiments ended with an unused 
amount of residual ethanol that was no longer being consumed.  In all the fermentations from day 20 
onward we observed hexanoic acid production between 2.7 g/L and 3.9 g/L in total. In Run 3, we carried 
out some additional lactic acid fermentations. This time the experiments were carried out with the same 
beginning conditions as shown in figure 12, however, a higher amount of lactic acid was added. The 
fermentations were fed with lactic acid at least 3 times and each time the equivalent of 18 g/L of lactic 
acid was added to the system. The fermentation was carried out for 76 days. In this batch, butyric acid 
concentration reached as high as 37g/L. The other notable difference was production of a considerable 
amount of propionic acid. 
0
5
10
15
20
25
30
35
0 10 20 30 40
C
O
N
C
EN
TR
A
TI
O
N
 G
/L
DAY
RUN 2 BATCH 9
lactic Acid Acetic Acid
Butyric Acid Hexanoic acid
0
5
10
15
20
25
30
35
0 10 20 30 40
C
O
N
C
EN
TR
A
TI
O
N
 G
/L
 
DAY
RUN 2 BATCH 10
lactic Acid Formic Acid
Acetic Acid Propionic Acid
Butyric Acid Hexanoic acid
33 
 
Figure 13. Addition of excessive amount of Lactic acid. The results from fermentation of pretreated 
wood in controlled temperature and pH with addition of 18+ x g/L of lactic acid. The purpose of this 
experiment was to push the lactic acid addition to its limit. This figure is identified as Run 3, Batch 5 and 
6 in different tables. 
While in almost all the fermentations we had propionic acid production, it had never before reached a 
level of more than 3 g/L. The final average for propionic acid concentration was 9 g/L. Most of the 
produced propionic acid was made after day 25 when we added lactic acid for the second time during 
the fermentation, and the concentration of butyric acid had reached 28 g/L. Figure 13 indicates that 
presence of a certain concentration of butyric acid might be causative in propionic acid production. 
Generally, producing aliphatic carboxylic acids with odd numbers of carbon is less metabolically favored 
than even carbon numbered acids. Perhaps attaining high levels of butyric acid provides a method can 
be an alternative way of producing them. As for hexanoic acid, the system produced less than 2 g/L, 
proving that open culture fermentations are incapable of elongating short chain acids to MCFAs using 
lactic acid alone at neutral pH and 37ºC. A possible answer for this problem can be found in recent 
studies, suggesting pH effects. For example, Kucek ed al. [37] studied the effects of lactic acid addition 
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on chain elongation of carboxylic acid and found that lowering the pH had a positive effect on hexanoic 
acid production. It is commonly reported  that the maximum MCFA production yield occurs at natural 
pH[57], however, our results and the findings of Kucek ed al. indicate that the organisms utilizing lactic 
acid behave differently and merit more thorough investigation. 
3.1.4 Effect of Addition of Ethanol and Lactic Acid at the Same Time 
 
Figure 14. Addition of 10+10 g/L of ethanol and 10 g/L of lactic acid. The results from fermentation of 
pretreated wood in controlled temperature and pH with addition of ethanol and lactic acid. This figure is 
identified as Run 3, Batch 9 and 10 in different tables. 
In these experiments we decided to feed the system with both ethanol and lactic acid. The fermentation 
started with10 g/L of ethanol and 10g/L of ethanol and lactic acid was added at 14 day. Unfortunately, 
because of problems with analytical systems, we had to store the samples in a freezer for some time and 
this may have caused the data to show more variable concentrations than seen in the previous runs. As 
seen before, we had the initial production of hexanoic acid and butyric acid by ethanol and lactic acid. 
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After day 20th both fermentations became almost stable with little changes in concentration from day 20 
to 45. Variation in this period appear to be largely due to analytical error. The difference between the 2 
batches happened after day 60, at this time batch 9 started to produce hexanoic acid again, consuming 
butyric and ethanol. At the same time, the concentration of acetic acid was completely stable, indicating 
chain elongation from butyric acid to hexanoic acid. While this does not solve the problem for toxicity of 
accumulated acid, it does suggest that an alternative method of achieving elongation using both ethanol 
and lactic acid can be used. Implementation of mixed open culture fermentation of biomass with 
ethanol and lactic acid with extraction of MCFAs can be a good combination for future experiments.   
3.1.5 Gas Production and Fermentation Activity   
In our systems CO2 production graphs have a close relation with the overall activity of the fermentation. 
These graphs also help with identifying inhibitory or undesired conditions. Some examples of these 
graphs are: 
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Figure 15. Gas production in 10+10 g/L ethanol added condition 
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As it is shown in figure 15, at the beginning of the fermentation the culture starts to grow, and we have 
steady increase in co2 production. Day 7 is the beginning of butyric acid production, in this time lactic 
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Figure 17. Effect of high concentration of ethanol on gas production.  
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acid is consumed and butyric acid is produced, this is better detailed in figure 16. Agler et al. [58] 
suggests that Clostridium acetobutylicum is the organism responsible for butytic acid production and the 
conversion reactions are: 
2 lactate¯- + H+ → n-butyrate¯ + 2CO2 +2H2 
2 acetate¯ + H+ + 2H2 → n-butyrate¯ +2H2O 
Considering the amount of acids in figure 16 and the conversion reactions above, almost 50% of the 
lactic acid and acetic acid is converted to butyric acid. Another thing in figure 15 is CO2 production in 
days 12 and 13, at this time butyric acid production is very small and chain elongation to hexanoic acid 
using ethanol does not produce CO2 as we can see from days 29 to 35 however, we still have a high CO2 
production. This phenomenon happens in all the fermentations with ethanol at the peak of hexanoic 
acid production and suggests a secondary mechanism or a side reaction that accompanies the chain 
elongation. Also, the total gas production data indicates that on average the fermentations with added 
ethanol produced less CO2 than any other case, increasing the carbon selectivity toward acid production 
and chain elongation. Finally, figure 17 gives us an opportunity to evaluate the inhibitory effects of 
ethanol. As we can see as soon as we add the ethanol at day 14, the CO2 production is reduced 60% and 
the hexanoic acid production slows down a bit however the toxicity is not enough to stop the system. 
Most of the inhibitory effect are related to MCFAs rather than ethanol but to maximize the production it 
is better to stay at the 10 g/L ethanol concentration.  
3.2 Selective Extraction of MCFAs from Fermentation 
Concentrations of aliphatic acids in the fermentation broth are relatively low and it will be helpful for 
downstream processing to concentrate the acids to a higher level. We chose to evaluate the extractive 
capacity of three different solvents: cyanex 923 (a mixture of trialkylphosphine oxides [59]), 
trioctylamine, and oleyl alcohol.  Cyanex 923 was selected for its previously shown ability to extract 
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carboxylic acids at an industrial level and its constitutional similarity to tri-n-butyl phosphate.  
Trioctylamine (TOA) is a main ingredient of alamine 336 [60], a popular organic acid extraction solvent, 
and technical grade (60%) oleyl alcohol was selected as a diluent and solvent based on its nontoxicity, 
low cost, and low solubility with water [61].  The extractive capacity of each solvent was first tested in a 
clean system of aqueous acetic acid (10 g/L), butyric acid (10 g/L), and hexanoic acid (4 g/L).  We varied 
the pH (3-7) and organic-to-aqueous ratio (1:1, 1:2, 1:3) of each extraction.  Sodium hydroxide was used 
to raise the pH of each organic acid stock solution.  To extract organic acids from the aqueous solutions, 
volumes of varying ratios organic-to-aqueous phase were placed in 50 mL conical centrifuge tubes (total 
volume 10-20mL per tube) and shaken horizontally at 30° Celsius for 36 minutes.  To quickly separate 
phases post-extraction, each vessel was centrifuged for 10 minutes at 4,000 X G.  High-performance 
liquid chromatography (HPLC) was used to compare the organic acid concentrations in the post-
extraction aqueous phases to concentrations in each respective stock solution.  Therefore, HPLC data is 
normally presented as percent of each acid concentration remaining in the aqueous phase. To test the 
viability of back-extracting hexanoic acid from oleyl alcohol into aqueous sodium hydroxide, we used 
stock solutions of technical grade oleyl alcohol with 0% and 10% TOA, containing 10 g/L hexanoic acid, 5 
g/L butyric acid, and 2 g/L acetic acid.  We also assessed the reusability of technical grade oleyl alcohol 
by keeping the same organic phase for three consecutive extraction/back extraction cycles.  Lastly, Karl 
Fischer titrations were used to determine how much water entered the organic phases of select 
extraction experiments.   
3.2.1 Cyanex 923 
We performed cyanex 923 extractions with organic acid solutions at pH values 3, 4, 5, 6, and 7.  Each pH 
we tested was also run at a 1:1, 1:2, and 1:3 organic-to-aqueous ratios.  After extraction and 
centrifugation, we noticed that the aqueous phase was cloudier as solution acidity decreased, indicating 
higher miscibility of cyanex and water at more neutral pH values.  
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Figure 18. Cyanex 923 extractions. HPLC results from cyanex 923 extractions of aqueous acetic, butyric 
and hexanoic acid at five different pH-values.  Percentage of each acid remaining in the aqueous phase 
post-extraction is given.  Charts are divided by ratio of organic-to-aqueous phase. 
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Figure 18.1  1:1 Cyanex 923:Aqueous Extractions
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Figure 18.2  1:2 Cyanex 923:Aqueous Extractions
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Figure 18.3  1:3 Cyanex 923:Aqueous Extractions
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A white emulsion formed in-between both phases from pH values 5-7.  After running identical 
extractions without hexanoic acid, no emulsion formed, signifying that the emulsion is most likely a 
complex formed between cyanex and dissociated hexanoic acid.  Centrifugation at 14,800 x G allowed 
for better separation of the two phases but resulted in the emulsions collapsing into a thin layer that 
was apparently watertight.  The emulsion phase could be broken up with the introduction of water and 
dissipated by the lowering of pH.  The highest percentage extraction of all three organic acids occurred 
at pH 3.  Extraction of hexanoic acid was least complete at an organic-to-aqueous ratio of 1:1 (Figure 
14.1), with percent extracted increasing as the ratio decreased to 1:2 and 1:3 (Figures 14.2 and 13.3).  
Acetic and butyric acid saw their greatest extraction at a 1:1 ratio, with extraction lessening at a 1:2 ratio 
and increasing slightly at 1:3 ratio.  No condition examined conferred high specificity for only hexanoic 
acid. 
3.2.2 Trioctylamine (TOA)/Oleyl Alcohol 
We ran TOA in oleyl alcohol extractions using the same procedure as those with cyanex 923, this time 
with percent TOA as an added condition (10, 20, and 30% TOA).  Acid concentrations in the aqueous 
phase were 10 g/L acetic, 10 g/L butyric, and 3 g/L hexanoic.  After running the intial extractions, we 
added two more conditions, 5% TOA and pure technical grade oleyl alcohol, to gauge the inherent 
extractive capacity of standalone oleyl alcohol.  Similar, to the cyanex 923 extractions, extracting at pH 
values 5-7 caused the formation of a thin, waxy, white middle phase that easily broke apart.  The 
formation of this middle phase was dependent on the inclusion of hexanoic acid in the aqueous acid 
solution, but independent of the inclusion of TOA.  Hexanoic acid, oleyl alcohol, and sodium hydroxide 
could be reacting in a process similar to saponification, though further experiments would need to be 
carried out to confirm this.  Acid extraction was limited in more neutral pH values at a 1:1 organic-to-
aqueous ratio, but unlike the cyanex 923 extractions, organic-to-aqueous ratios had little impact on 
which acids were the most/least extracted (Figure 19).   
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Figure 19. Effect of pH and aqueous to organic ratio on extraction. The vertical axis indicates the percent 
of acids left in the aqueous phase post-extraction. The horizontal axis shows pH and organic-to-aqueous 
ratio. Experimental was carried out with 10% TOA as extractant and the results were determined by 
HPLC.   
 
Figure 20. Effect of ratio of TOA and oleyl alcohol on extraction. The vertical axis indicates the percent of 
acids left in aqueous phase post-extraction, at a single pH and organic-to-aqueous ratio (pH 5 and 1:1, 
respectively).  Percent TOA in the organic phase of each extraction is shown on the horizontal axis.  
Experimental results were determined by HPLC.   
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Figure 21. Oleyl alcohol extraction efficiency. In this experiment the organic-to-aqueous ratio was 1:1. 
The vertical axis indicate the percent of acids left in aqueous phase post-extraction, with technical grade 
(60%) oleyl alcohol as the extraction solvent. pH variation is shown on the horizontal axis.  Experimental 
results were determined by HPLC. 
Surprisingly, percent TOA also had very little impact on the percent of each acid extracted (Figure 20); 
pH value was the major determinant for what percent of each acid was extracted into oleyl alcohol 
(Figure 21).   
3.2.3 Back Extractions 
Recovering extracted hexanoic acid is key to an industrially viable production scheme.  Back-extracting 
into low-volume strongly basic solutions is one way to increase the concentration of a target organic 
acid.  We selected 1 Molar sodium hydroxide as our aqueous phase, and ran back extractions at 
aqueous-to-organic ratios of 1:1, 1:2, 1:3, 1:4, and 1:9. We used technical grade 60% oleyl alcohol (with 
0% and 10% TOA) as our acid-containing solvent, and loaded it with known concentrations of organic 
acids (10 g/L hexanoic, 5 g/L butyric, and 2 g/L acetic acid).  The back extractions were run for 36 
minutes at 30° Celsius. Every back extraction formed a thin, waxy film like the more neutral oleyl 
alcohol-containing extractions developed. 
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Figure 22. Back extractions in clean solution. 1 molar NaOH back extractions from organic acid-loaded 
technical grade (60%) oleyl alcohol (on the right) and mixture of oleyl alcohol and 10% TOA (on the left).  
Vertical axes show the percent in organic acid concentration in aqueous NaOH to organic phase.  
Horizontal axes show percent TOA and aqueous-to-organic ratios.  Experimental results were 
determined by HPLC. 
 
Figure 23. Sequential extractions and back extraction in clean solution. Reusing the same technical grade 
(60%) oleyl alcohol for all the process to observe the change in efficiency. Vertical axis shows percent of 
each acid’s concentration remaining in the aqueous phase.  Horizontal axis shows sequential extraction 
number.  Each extraction was followed by a back extraction.  Experimental results were determined by 
HPLC. 
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To determine the reusability of oleyl alcohol as an extraction solvent, we used the same organic phase in 
a series of three extraction/back extraction cycles. This was conducted at pH 5 with technical grade oleyl 
alcohol, with 10 g/L acetic acid, 10 g/L butyric acid, and 3 g/L hexanoic acid. Extractions were at a 1:1 
organic-to-aqueous ratio, and back extractions were at a 2:1 organic-to-aqueous 1 M NaOH ratio.   
In the initial back extractions, the concentration of hexanoic acid stayed about the same, even with nine 
times as much oleyl alcohol as aqueous NaOH, in Figure 22 while we can see that the percentage is 
constantly going down, but the total amount in the NaOH phase is almost the same for all cases. The 
main purpose of back extracting with 1 - 9 times more solvent than aqueous solution was to find the 
optimum back extraction ratio. On an industrial scale the aqueous part of back extraction is what will be 
transported to the catalysis site to make lubricant. To make transportation more economical we need 
the most concentrated solution possible. The unchanging amount of hexanoic acid in aqueous phase is 
due to a very high concentration of hexanoic acid (10 g/L) in solvent. Since water has low solubility for 
hexanoic acid, back extraction fully saturates the aqueous phase right away. In the end, we decided to 
use 1 to 2 ratios aqueous to organic for the back extractions in our fermentations, what we want is high 
hexanoic acid without other short chain acids. While increasing the ratio increases the short chain acid 
concentration but 2 to 1 ratio and higher provided 20 % more back extraction of hexanoic acid.  The 
hexanoic acid extracting capacity of technical grade oleyl alcohol remained consistent through multiple 
reuses, extracting approximately 80% of the hexanoic acid from the aqueous solution (Figure 23). 
3.2.4 Effect of Extraction on Fermentation Liquid  
Like the extractions with clean solution, this extraction was also done in 50 ml centrifuge bottles and 
followed the same procedure for the method of extraction. Ratio of aqueous to organic phases was 1:1 
and different ratios of TOA in oleyl alcohol was tested (0%, 5%, 10%, 20%) at 5 different pH from 3 to 7. 
These extractions follow the same trend as clean solution however there are differences, for example, in 
clean solution usually at pH 5 we reached 90% to 100% extraction of hexanoic acid however with 
45 
 
fermentation liquid this pH is 4.  In general, the amount of extraction is lower with real solution and this 
can be attributed to the naturally present surface-active compounds in the liquid. A proof of the 
existence of the natural surfactants in the fermentation liquid is the amount of hexanoic acid in 
fermentation liquid, which can be 80% more than the solubility limit of the hexanoic acid in water.  
 
Figure 24. Real fermentation liquid extraction. HPLC results for acid extraction from real fermentation 
liquid with different concentrations of TOA/ Oleyl alcohol, with 1:1 ratio of organic to aqueous, at five 
different pH-values.  Percentage of each acid remaining in the aqueous phase post-extraction is given. 
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In the end all these tested conditions could be used, but we need to choose the best one with highest 
selectivity and lowest cost.  Considering that our fermentation is at neutral pH it was decided to use an 
extraction with pH5 to reduce the amount of needed acidulant/cost and also have a selective extraction. 
For pH 5, by considering toxicity and the price of TOA it was decided to use just oleyl alcohol even 
though 5% TOA provided slightly better results. In the run 3 fermentations we integrated extraction in 
our fermentation systems, the results are presented in the section 3.3. In back extraction from real 
fermentation liquid, with a 2:1 ratio of organic to NaOH solution only 40% recovery of the hexanoic acid 
from the fermentation broth happens. 
 
Figure 25. Sequential extractions and back extraction from real fermentation liquid. Reusing the same 
technical grade (60%) oleyl alcohol for all the process to observe the change in efficiency. Vertical axis 
shows percent of each acid’s concentration remaining in the aqueous phase.  Horizontal axis shows 
sequential extraction number.  Each extraction was followed by a back extraction.  Experimental results 
were determined by HPLC. 
A reason for poor results in back extraction here derives from poor initial extraction capacity from the 
fermentation, where on average 51% of the hexanoic acid is being extracted from the fermentation 
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indicating that 11% of the acid is not back extracted. While the back extraction does not result in high 
concentration of the acid, its selectivity is good, on average 85% of the acids in the back extraction are 
hexanoic acid, with 15% of butyric acid on a molar basis.  
 
3.2.5 Karl Fischer Titration 
Certain oleyl alcohol extractions at neutral or near-neutral pH values indicated greater than 100% of an 
original acid concentration remaining in the aqueous phase.  This is theoretically impossible, and so we 
sought an explanation as to how this could appear to be so. We hypothesized that in these cases, water 
from the aqueous phase was entering the solvent, thereby increasing the concentration of acids 
remaining in the aqueous phase.  We conducted Karl Fischer titrations on selected organic phase 
samples where this was the case, including a sample at pH 7, 1:1 organic-to-aqueous ratio with 10% TOA 
(aqueous phase appeared to contain 110% acetic acid), and a sample at pH 6.6 with 5% TOA from 
fermentation broth (aqueous phase appeared to contain 133% acetic acid).  As controls, a pH 3 1:1 ratio 
0% TOA sample (aqueous phase contained 70.8% acetic acid), a pH 7 1:1 ratio 0% TOA sample (aqueous 
phase contained 88.5% acetic acid), and a pH 3 1:1 ratio 5% TOA fermentation broth sample (aqueous 
phase contained 52.8% acetic acid) were selected.  A Karl Fischer titration analysis showed that the 
organic phase of each sample contained between 1.42 and 1.67% water, disproving our original 
hypothesis.  The other possibility we thought of was that a part of the impurities in oleyl alcohol is being 
back extracted into the aqueous solution. To test this, we did extractions with pure water and oleyl 
alcohol without mixing anything, we did not detect anything using HPLC. 
3.3 Batch Fermentation with Extraction 
The fermentations with extraction were carried out in 2 different ways, the first one was a biphasic 
extraction, where we added 200 ml of oleyl alcohol to the system at the beginning of the fermentation. 
In both methods the bottle roller and the solid wood particles in the fermentation work as our mixer. 
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The main reason technical grade 60% oleyl alcohol without any TOA was chosen as the extractant was to 
avoid potential inhibition of the fermentation by TOA.  Because the culture is constantly in contact with 
solvent, even small toxicity can have considerable negative effects. The solvent in this extraction was 
replaced with fresh oleyl alcohol after 3 weeks when the fermentation started to slow down its activity.  
The second method of extraction was a short-term biphasic extraction. In this method, after the 
fermentation has progressed and is reaching product accumulations, we added 200 ml of technical 
grade 60% oleyl alcohol to the system, purged the system with nitrogen and transferred the bottles to a 
shaker. The mixing was done at 298 rpm for 36 min at room temperature. Later on, the slurry was 
transferred to a centrifuge bottle and centrifuged at 4000 rpm for 15 minutes. After centrifuging oleyl 
alcohol was pipetted out of the system. Considering the pH for the extractions, the pH in all the systems 
with extraction was adjusted to 5 temporarily, for the duration of the extraction, with sulfuric acid. later 
on, the pH was adjusted to neutral with Ca (OH)2 again. In all the fermentations with extraction the 
concentration of hexanoic acid dropped almost 50%. For example, in batch 3 and 4 which is 10+10 g/L 
ethanol addition with continuous biphasic extraction, the average concentration of hexanoic acid at day 
23(day of changing the solvent with fresh oleyl alcohol) was 14.7 g/L, later on, the concentration 
continuously dropped until day 32, indicating slow extraction of the MCFAs, reaching 7.1 g/L. Assuming 
all this drop is contributed to extraction and no production of hexanoic acid, we have 51.7% extraction. 
After day 32 we see another small jump in production of hexanoic acid, later hexanoic acid production 
stops completely. The only noticeable change in the system after day 43 is the small increase in acetic 
acid concentration, this can be attributed to either hydrolysis of polysaccharides and subsequent 
conversion of sugars to small acids or digestion of the organic phase by the organisms. While during the 
fermentation we suspected that some parts of the impurities in 60% oleyl alcohol were being digested in 
the fermentation because of increased gas production after extractions. However, after looking at the 
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final results, the total gas and CO2 production in the biphasic systems is the same as the systems without 
extraction (Table 3). 
Table 2. Fermentation addition experiments: ethanol and lactic acid supplementation schedule 
Fermentation  
Run:  batch 
numbers 
Initial ethanol 
supplement 
(g/L) 
Additional 
ethanol 
supplement 
(g/L), addition 
time (Days) 
Initial Lactic 
acid 
supplement 
(g/) 
Additional lactic 
acid supplement 
(g/L, addition 
time (days) 
Extraction 
type 
3: 1, 2 10 10 at ~ 14 none none Semi 
Biphasic 
 
3: 3, 4 10 10 at ~ 11 none none Biphasic 
 
3: 5, 6 none none 20 20 at days 12, 
25, 35, 60  
none 
3: 7, 8 none none 20 20 at days 12, 
25, 35, 60 
Semi 
Biphasic 
3: 9, 10 10 10 at ~ 14 days none 10 at ~ 12 none 
3: 11, 12 10 10 at ~ 14 days none 10 at ~ 12 Semi 
Biphasic 
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Figure 26. 10+10 g/L of ethanol fermentation with biphasic extraction. This figure is identified as Run 3, 
Batch 3 and 4 in different tables. 
Table 3. Gas production in run 3. 
Fermentation  
Run:  batch 
numbers 
Total gas 
production 
(ml) 
extraction 
3: 1, 2 2262.75 Semi biphasic 
3: 3, 4 2535.25 biphasic 
3: 5, 6 7154.75 none 
3: 7, 8 7182.5 Semi biphasic 
3: 9, 10 3893.75 none 
3: 11, 12 3581.45 Semi biphasic 
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Table 4. Concentration of compounds in back extraction. 
Fermentation  
Run:  batch 
numbers 
Ethanol 
(g/L) 
Butyric 
(g/L) 
Valeric 
(g/L) 
Hexanoic 
(g/L) 
3:  1, 2 0.539125 0.71 0.13 8.076625 
3:  3, 4 4.1295 0.4345 0 12.24907 
3: 7, 8 0 13.4425 0.01 3.1065 
3: 11, 12 2.9395 2.8 0.1485 7.3235 
 
 Also, the changes in the concentration figures are often correlated with consumption of other 
compounds in the system. In all the fermentations with extraction there is this difference between the 
drop in the concentration of the hexanoic acid on the figures and the amount of the acid measured after 
the back extraction. The line named “hexanoic acid from concentration” (figure 27-28) is what we would 
expect the results to be like if all the extracted hexanoic acid could be recovered. However, the amount 
of the acid in the back extraction was on average just 25% the amount we expected. The line “Hexanoic 
acid from back extraction results” in figure 27-28 is the actual amount plus the acid in the back 
extraction. One thought that comes to mind for this problem is that, while extraction itself yielded 
results very close to our experiments with a clean acid solution, with fermentation liquid the back 
extraction is not as comparable, and the remaining acid appears to be still in the extractant and is not 
recovered through back extraction with 1 molar NaOH. 
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Figure 27. 10+10 g/L of ethanol fermentation with semi biphasic extraction. 60 % oleyl alcohol was used 
as extractant and the extarction happened at day 25. This figure is identified as Run 3, Batch 1 and 2 in 
different tables. 
Another explanation could be that something like the waxy interfacial layer seen in the clean systems 
with hexanoic acid is forming in the back extraction but was not detected. The presence of the waxy 
layer appeared to be dependent on the presence of hexanoic acid and may be some sort of 
saponification product. Figures 27 and 28, show fermentations with addition of ethanol and lactic acid 
and the system is following a normal trend before extraction. After extraction, the concentration of the 
hexanoic acid drops roughly 50%. This would reduce hexanoic acid induced inhibition of the culture and 
caused an immediate consumption of ethanol and production of hexanoic acid. 
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Figure 28. 10+10 g/L of ethanol and 10 g/L of lactic acid with semi biphasic extraction. 60 % oleyl alcohol 
was used as extractant and the extarction happened at day 25. This figure is identified as Run 3, Batch 
11 and 12 in different tables. 
There is no indication of increased productivity and conversion of biomass to short chain acids in the 
system, however, extraction is shown to be effective at enhancing the chain elongation of short chain 
acids. In both systems there is a slow drop in the hexanoic acid concentration, this can be contributed to 
incomplete separation of the solvent from the broth. On average, after extraction 90% of the oleyl 
alcohol was recovered, the other 10% remained in the solution. 
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Figure 29. Fermentation with 20 + X g/L of lactic acid addition with extraction at day 25. This figure is 
identified as Run 3, Batch 7 and 8 in different tables. 
Figure 29 is a lactic acid enhanced fermentation with extraction. The fermentation was fed 39 ml of 
lactic acid in total, equivalent to 106 g/L of lactic acid, but we could not reach the limit of the system. 
The extraction was almost ineffective on the butyric acid. The average concentration drop detected in 
the system was 6.25 g/L. The average concentration of butyric and hexanoic acid in the back-extraction 
solutions were 13.1 g/L and 3 g/L, contributing to a total of 3.275 g and 0.75 g of butyric and hexanoic 
acid back extracted. Comparing the amount of Butyric acid extracted and back extracted shows a 50% 
reduction, which is twice the 25% with experienced with hexanoic acid. In the end total butyric acid 
present in the fermentation and extracted reached a 40 g/L and higher without reaching equilibrium, 
indicating a suitable method of producing it.  
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3.4 Conversion and Selectivity 
Here we consider the conversion and the selectivity of our systems. The first step is definition of these 
terms. We define conversion and selectivity as: 
𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝐶 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑(𝑔) + 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑(𝑔)
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝐶(𝑔) + 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑓𝑒𝑑(𝑔)
 
𝑀𝐶𝐹𝐴 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑀𝐶𝐹𝐴𝑠(𝑔)
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝐶 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑(𝑔) + 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑(𝑔)
 
𝐷𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑙𝑒 𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝑆 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑 (𝑔)
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝐶(𝑔)
 
Digestible compounds (DC) is defined as all the digestible carbohydrates and organic acids fed into in the 
system Except ethanol and lactic acid. DC does not include lignin since lignin is not digestible. DC is 
determined after doing 2 stage hydrolysis on all input biomass for the fermentation, the compounds 
include all the monosaccharides released during hydrolysis and short chain acids like acetic acid, lactic 
acid and formic acid which were released or produced during pretreatment and hydrolysis. Digestible 
solid (DS) conversion is defined refers to cellulose and hemicellulose and the point of defining Digestible 
solid conversion is to see exactly how much solid biomass to consumed.  
3.4.1 Effect of Ethanol on Conversion and Selectivity 
As it is shown in figure 30 the selectivity and total conversion both improve with increasing the amount 
of ethanol added, at the same time. Ethanol with concentration up to 10% caused a substantial increase 
in selectivity, reaching 37% MCFA selectivity. More than 10% ethanol in the system does not have much 
effect on selectivity but we have increased production of MCFAs, indicating considerably higher ethanol 
consumption rather than DS digestion. Total conversion and Conversion both increase with ethanol as 
long as it is controlled. Conversion of carbohydrates in solid form does not follow a very clear trend and 
the only considerable increase is at 20 g/L. In general, the conversion of cellulose in biomass is at best 
19%. 
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Figure 30. Effect of ethanol on MCFA selectivity and conversion. In this figure, “Total conversion” refers 
to DS and ethanol and DS conversion refers to conversion of cellulose and hemicellulose. Also, red circle 
indicates an error bar bigger than 15% STDV on average, which was deleted for better visual effects. The 
20g/L concentration was the case with 10+10 g/L ethanol. 
 
Figure 31. Effect of extraction on conversion and selectivity. This figure compares the effects of no 
extraction, short- term biphasic extraction (Extraction) and continuous biphasic extraction (Biphasic 
extraction). 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0 5 10 15 20 25
Fr
av
ti
o
n
 o
f 
se
le
ct
iv
it
y 
&
 c
o
n
ve
rs
io
n
Ethanol consentrasion fed g/L
Effect of ethanol on MCFA selectivity and convertion
Total conversion MCFA selectivity DS conversion
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Extract
with
10+10 g/L
ethanol
Biphasic
extract
with
10+10 g/L
ethanol
Lactic acid Extraction
with lactic
acid
Ethanol
and lactic
acid
Extraction
with
ethanol
and lactic
acid
Effect of extraction on conversion and selectivity
Total conversion MCFA selectivity Conversion
57 
 
When comparing the effects of extraction and biphasic extraction, extraction provides higher selectivity 
meanwhile, conversion is slightly higher in biphasic extraction. The cases with and without extraction 
were fed the same amount of ethanol and lactic acid with the same condition, however the resulted 
were different. Extraction caused a 17.4% increase in conversion and 3% increase in selectivity. While 
the conversion of solids is still low, extraction increased the conversion, reaching 17.2%. Since lactic acid 
at our fermentation condition is not effective at production of hexanoic acid, selective extraction of 
MCFAs are ineffective and result in just a very small change in conversion. While we demonstrated 
improved conversion when extracting acid from fermentation, the conversion is still low. At the same 
time, after extraction, concentration of hexanoic acid would return to the previous level as long as 
ethanol was available. This indicates a fermentation with multiple extractions with excess amount of 
ethanol may be the answer to low conversion.  
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        CHAPTER 4 
4 Conclusion 
4.1 Review 
The focus of this research has been on how to produce maximum MCFAs from biological digestion of 
Local biomass. First, we demonstrated that open culture fermentation is an effective method for 
production of MCFAs. By providing the right conditions and substrate, chain elongation is possible in 
open cultures.  For this purpose, we considered chemicals with reducing potential like ethanol, lactic 
acid and hydrogen. In general, the best result for ethanol was achieved when ethanol was fed in 
increments of 10 g/L of fermenter and we reached a production of more than 17 g/L of MCFA with 35% 
total conversion and 41% MCFA selectivity. For lactic acid, though it has no inhibitory effects and it is 
easier to work with than ethanol, the lactic acid utilizing organisms have many pathways to consume 
lactic acid. Most of these pathways lead to shorter chain acids like propionic acid and butyric acid in our 
conditions. The maximum concentrations of aliphatic acids produced with lactic acid were: more than 40 
g/L of butyric acid, up to 12g/L of propionic acid and less than 4 g/L of hexanoic acid. The other problem 
with lactic acid is low conversion of biomass which is shown in Figure 31. While no concrete reason is 
available for this problem, it is hypnotized that for some of these organisms lactic acid is digested more 
easily than poly saccharides, and even monosaccharides. For example, Weimer et al. [62] claim that 
Megasphaera elsdenii T81, a lactate digesting organism that can produce short to medium chain acids is 
more prone to digesting lactic acid than D-glucose in fermentation. The final topic is the effect of 
extraction on production selectivity and conversion. Extraction pushes selectivity and conversion to the 
highest in our research, reaching 17.3% solid conversion and near 35 % selectivity. This a promising 
outcome, with one partial extraction we were able to increase our DS conversion by 13 %, indicating 
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that a continuous extraction might completely solve the conversion problem. Another aspect with 
industrial importance is the times required for a fermentation, at the beginning it would take 2 weeks to 
start MCFA production however by using more adept cultures and biphasic extraction the time was 
reduced to 6 days. In the end, two key factors that we have established, and they are very important in 
industry are: 1) we have a stable process which can be used in long periods of time, and 2) strategies for 
chain elongation proven with many trials. 
4.2 Future Directions 
Optimization of this process for industrial scale demonstration still needs further work. There are some 
issues that needs to be addressed first: economic and environmental possibility, reactor configuration, 
acid extraction and Substrate sources are some of them. The immediate problem that we want to solve 
is extraction, both in design and operation. Another important issue is having a better grasp on what is 
happening in the culture and chain elongation mechanisms, this is another tool that can effectively 
improve our efficiency and enable us to use more specialized mathematical and biological tools in our 
designs.  
A suggested idea for future development is a multi-stage process for fermentation. the primary 
fermentation happens in the first reactor to produce short chain acids like acetic acid butyric. In the 
second reactor, the chain elongation and extraction happen. Some of the benefits associated with this 
design are, having 2 stable and specialized cultures, more compatible with continuous systems and 
better extraction conditions. 
During our research we notices that in our fermentations, the first compounds to be removed from 
wood are 5 carbon sugars and hemicellulose. This provided us with another idea, our design can be used 
as a pretreatment stage for processes which cannot tolerate high concentration of 5 carbon sugars such 
as TDO process.  
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6 APPENDIX A: MASS BALANCE 
Mass balance is of outmost important, as the most effective way of confirming the results in biological 
systems. The related data are presented here. 
Table 5. Carbon balance input carbon for Run 1. 
 
Carbon in 
pretreated 
wood (g) 
Carbon in 
pretreatm
ent liquid 
(g) 
Carbon in 
inoculum 
and 
nutrients 
(g) 
Carbon in 
manure (g) 
Carbon in 
ethanol (g) 
Sum 
1 14.60 1.83 0.17 1.30 0.00 17.89 
2 14.60 1.83 0.17 1.30 0.00 17.89 
3 14.62 1.83 0.17 1.30 2.03 19.93 
4 14.60 1.83 0.17 1.30 1.99 19.88 
5 14.60 1.83 0.17 1.30 1.00 18.89 
6 14.60 1.83 0.17 1.30 0.97 18.86 
7 14.60 1.83 0.17 1.30 2.98 20.87 
8 14.60 1.83 0.17 1.30 3.18 21.07 
9 14.60 1.83 0.17 1.32 3.99 21.91 
10 14.60 1.83 0.17 1.30 3.98 21.86 
11 14.62 1.83 0.17 1.30 0.00 17.91 
12 14.60 1.83 0.17 1.30 0.00 17.89 
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Table 6. carbon balance output carbon for Run 1. 
Batch 
numb
er 
Carbon in 
CO2 
produced (g) 
Carbon in 
fermentati
on 
solids(g) 
Carbon in 
fermentati
on liquid 
(g) 
Carbon in 
samples 
taken(g) 
Sum of all the in 
output(g) 
%Error 
1 0.58 15.53 1.98 0.21 18.30 -2.30 
2 0.66 15.01 2.18 0.21 18.06 -0.93 
3 0.58 15.20 3.48 0.37 19.63 1.50 
4 0.55 14.60 3.43 0.38 18.96 4.62 
5 0.78 15.81 3.15 0.30 20.04 -6.12 
6 0.62 12.64 2.86 0.29 16.41 12.98 
7 0.36 15.02 4.14 0.45 19.97 4.30 
8 0.46 14.27 4.21 0.46 19.39 7.94 
9 0.45 13.78 5.07 0.44 19.74 9.87 
10 0.47 12.43 5.01 0.46 18.37 16.00 
11 0.58 13.63 2.21 0.20 16.62 7.18 
12 0.69 13.34 2.22 0.21 16.46 7.99 
      
5.25 
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Table 7. Ash content Run2. 
Batch ID %Ash 
content 
1 8.695109261 
2 7.704221613 
3 8.747635533 
4 8.565448398 
5 6.764729331 
6 9.30469894 
7 8.191420565 
8 9.372296453 
9 18.39903105 
10 17.77133389 
11 13.39202486 
12 14.05307022 
 
Table 8. CHNO results Run 2. 
CHNO results N % C % H % O % 
pretreated wood 0.151 48.197 6.02 45.632 
manure 1.343 27.376 4.133 67.147 
Batch 1 0.15 44.51 5.963 49.377 
Batch 2 0.236 44.33 5.73 49.704 
Batch 3 0.059 45.72 5.973 48.248 
Batch 4 0.155 45.98 5.93 47.935 
Batch 5 0.076 45.12 5.95 48.854 
Batch 6 0.204 44.73 5.8 49.266 
Batch 7 0.247 44.75 5.8 49.203 
Batch 8 0.187 44.74 5.86 49.213 
Batch 9 0.042 43.66 5.57 50.721 
Batch 10 0.264 41.28 5.28 53.176 
Batch 11 0.2 41.2 5.32 53.28 
Batch 12 0.193 43.15 5.52 51.137 
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Table 9. Carbon input for run 2, using CHNO results. 
Carbon in the 
system 
Carbon in 
pretreate
d wood 
(g) 
Carbon in 
pretreatmen
t liquids (g) 
Carbon 
in seq 
liquid 
and corn 
steep 
liquor (g) 
manur
e (g) 
Carbon in 
old 
fermentatio
n liquid (g) 
Carbon 
in 
ethanol 
(g) 
total 
Carbo
n in (g) 
1 19.85 1.60 0.02 2.75 0.289 0.00 24.50 
2 19.85 1.60 0.02 2.74 0.289 0.00 24.50 
3 19.85 1.60 0.02 2.75 0.289 5.15 29.65 
4 19.85 1.60 0.02 2.79 0.289 4.17 28.72 
5 19.85 1.60 0.02 2.75 0.289 5.15 29.66 
6 19.85 1.60 0.02 2.75 0.289 4.17 28.68 
7 19.85 1.60 0.02 2.75 0.289 3.83 28.34 
8 19.85 1.60 0.02 2.75 0.289 3.83 28.34 
9 19.85 1.60 0.02 2.75 0.289 6.45 30.96 
10 19.85 1.60 0.02 2.75 0.289 9.50 34.01 
11 19.85 1.60 0.02 2.74 0.289 6.80 31.30 
12 19.85 1.60 0.02 2.74 0.289 5.10 29.60 
 
Table 10. Carbon output for run 2, using CHNO results. 
Carbon out of the 
system 
Carbon 
in CO2 
(g) 
Carbon 
in solids 
out (g) 
Carbon 
in 
liquids 
out (g) 
Carbon 
in 
samples 
taken(g) 
total 
Carbon 
out (g) 
% Error 
1 0.51 20.38 2.70 0.24 23.83 2.75 
2 0.43 21.82 2.61 0.24 25.11 -2.50 
3 0.51 22.01 6.88 0.51 29.91 -0.86 
4 0.46 22.30 6.06 0.49 29.30 -1.99 
5 0.78 21.79 7.18 0.51 30.25 -2.00 
6 0.86 20.28 5.95 0.50 27.59 3.80 
7 0.51 20.37 5.68 0.48 27.04 4.58 
8 0.49 20.22 5.79 0.48 26.99 4.77 
9 1.26 20.34 5.74 0.60 27.94 9.74 
10 1.18 19.36 8.29 0.65 29.47 13.34 
11 1.06 20.40 6.61 0.50 28.58 8.70 
12 0.90 21.17 5.32 0.47 27.86 5.87       
3.85 
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Table 11. Carbon input for run 3. 
Batch 
number 
Carbon in 
pretreated 
wood (g) 
Carbon in 
pretreatment 
liquid (g) 
Carbon 
in 
inoculum 
and 
nutrients 
Carbon 
in 
manure 
(g) 
Carbon 
in 
ethanol 
(g) 
Carbon 
in 
lactic 
acid 
(g) 
sum of 
all 
(g) 
1 12.98 1.81 0.15 1.08 4.18 0.00 20.20 
2 12.98 1.81 0.15 1.08 4.18 0.00 20.20 
3 12.98 1.81 0.15 1.08 4.46 0.00 20.48 
4 12.98 1.81 0.15 1.08 4.46 0.00 20.48 
5 12.98 1.81 0.15 1.08 0.00 16.93 32.95 
6 12.98 1.81 0.15 1.08 0.00 13.55 29.57 
7 12.98 1.81 0.15 1.08 0.00 16.93 32.95 
8 12.98 1.81 0.15 1.08 0.00 13.55 29.57 
9 12.98 1.81 0.15 1.08 4.18 1.69 21.90 
10 12.98 1.81 0.15 1.08 4.18 1.69 21.90 
11 12.98 1.81 0.15 1.08 4.18 1.69 21.90 
12 12.98 1.81 0.15 1.08 4.18 1.69 21.90 
 
Table 12. Carbon output for run 3. 
Batch 
number 
Carbon 
in CO2 
produced 
(g) 
Carbon in 
fermentation 
solids(g) 
Carbon in 
fermentation 
liquid (g) 
Carbon in 
extraction 
(g) 
Sum of 
all the in 
output(g) 
Carbon 
in - out 
%Error 
1 0.32 11.68 0.38 0.61 14.14 6.06 29.99 
2 0.30 11.27 1.11 0.39 14.16 6.04 29.91 
3 0.38 11.49 0.80 0.82 14.89 5.58 27.27 
4 0.41 11.07 0.86 0.70 14.56 5.92 28.92 
5 2.19 13.47 6.46 N/A 30.16 2.79 8.47 
6 
       
7 2.06 15.29 10.40 0.21 35.51 -2.56 7.78 
8 1.97 9.93 12.62 0.18 31.93 -2.36 7.99 
9 0.82 12.36 3.05 N/A 19.21 2.68 12.26 
10 0.89 13.72 3.63 N/A 21.49 0.40 1.84 
11 0.67 10.94 1.50 0.45 16.04 5.86 26.76 
12 0.74 9.62 1.29 0.46 14.83 7.07 32.28 
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7 APPENDIX B: CALCULATIONS 
Moisture content: 
𝑀𝐶 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑒𝑡 𝑤𝑜𝑜𝑑 − 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑤𝑜𝑜𝑑
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑒𝑡 𝑤𝑜𝑜𝑑
∗ 100 
Conversion and selectivity: 
𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝐶 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑(𝑔) + 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑(𝑔)
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝐶(𝑔) + 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑓𝑒𝑑(𝑔)
 
𝑀𝐶𝐹𝐴 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑀𝐶𝐹𝐴𝑠(𝑔)
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝐶 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑(𝑔) + 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑(𝑔)
 
𝐷𝑆 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝑆 𝑑𝑖𝑔𝑒𝑠𝑡𝑒𝑑 (𝑔)
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝐷𝐶(𝑔)
 
Mass balance: 
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑𝑠
= ∑
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖 𝑓𝑟𝑜𝑚 2 𝑠𝑡𝑎𝑔𝑒 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 ∗ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑𝑠 𝑖𝑛 2 𝑠𝑡𝑎𝑔𝑒 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠𝑜𝑛 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑒𝑑
11
𝑖=1
∗
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 ∗ 12
𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
 
𝐶𝑎𝑟𝑏𝑜𝑛 𝑖𝑛 𝑙𝑖𝑞𝑢𝑖𝑑𝑠
= ∑ 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 𝐻𝑃𝐿𝐶 ∗ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑
11
𝑖=1
∗
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 ∗ 12
𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
 
%𝐸𝑟𝑟𝑜𝑟 =
𝑆𝑢𝑚 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 𝑐𝑎𝑟𝑏𝑜𝑛 − 𝑠𝑢𝑚 𝑜𝑓 𝑜𝑢𝑡𝑝𝑢𝑡 𝑐𝑎𝑟𝑏𝑜𝑛
𝑠𝑢𝑚 𝑜𝑓 𝑖𝑛𝑝𝑢𝑡 𝑐𝑎𝑟𝑏𝑜𝑛
∗ 100 
𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑎𝑠ℎ𝑖𝑛𝑔 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑎𝑡 575℃ 
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 
∗ 100 
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